REGULAR ARTICLE

‘blood advances

A new murine model of Barth syndrome neutropenia links TAFAZZIN
deficiency to increased ER stress-induced apoptosis
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ER-Hoxb8 conditional
immortalization pro-
vides a system for the
study of TAFAZZIN
deficiency in myeloid
progenitors and
mature neutrophils.

Barth syndrome (ie,
TAFAZZIN-deficient)
murine neutrophils
may be more sensitive
to apoptosis, possibly
because of increased
ER stress.

Barth syndrome is an inherited X-linked disorder that leads to cardiomyopathy, skeletal
myopathy, and neutropenia. These symptoms result from the loss of function of the
enzyme TAFAZZIN, a transacylase located in the inner mitochondrial membrane that is
responsible for the final steps of cardiolipin production. The link between defective
cardiolipin maturation and neutropenia remains unclear. To address potential
mechanisms of neutropenia, we examined myeloid progenitor development within the
fetal liver of TAFAZZIN knockout (KO) animals as well as within the adult bone marrow
of wild-type recipients transplanted with TAFAZZIN-KO hematopoietic stem cells. We
also used the ER-Hoxb8 system (estrogen receptor fused to Hoxb8) of conditional
immortalization to establish a new murine model system for the ex vivo study of
TAFAZZIN-deficient neutrophils. The TAFAZZIN-KO cells demonstrated the expected
dramatic differences in cardiolipin maturation that result from a lack of TAFAZZIN
enzyme activity. Contrary to our hypothesis, we did not identify any significant
differences in neutrophil development or neutrophil function across a variety of assays
including phagocytosis and the production of cytokines or reactive oxygen species.
However, transcriptomic analysis of the TAFAZZIN-deficient neutrophil progenitors
demonstrated an upregulation of markers of endoplasmic reticulum stress and
confirmatory testing demonstrated that the TAFAZZIN-deficient cells had increased
sensitivity to certain ER stress-mediated and non-ER stress-mediated triggers of
apoptosis. Although the link between increased sensitivity to apoptosis and the variably
penetrant neutropenia phenotype seen in some patients with Barth syndrome remains to
be clarified, our studies and new model system set a foundation for further investigation.

Introduction

Barth syndrome (BTHS) is a rare inherited X-linked disorder characterized by cardiomyopathy, skeletal
muscle myopathy, and neutropenia.”? This disease arises following a loss-of-function mutation in the
gene TAFAZZIN (TAFAZZIN, which has also been previously annotated as TAZ).2 TAFAZZIN is a mito-
chondrial enzyme that processes cardiolipin, a phospholipid that is found almost exclusively in the inner
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mitochondrial membrane.* The lack of normal TAFAZZIN protein
activity abrogates the final step in cardiolipin maturation, resulting in
reduced levels of cardiolipin with greater acyl chain diversity and
greater saturation, as well as elevated levels of an intermediate,
monolysocardiolipin, that contains 3 rather than 4 acyl chains.’

The clinical manifestation with the overall highest mortality is car-
diomyopathy, which can progress to heart failure.® The link
between TAFAZZIN deficiency and myopathy has been explained
by the high mitochondrial content of myocytes and by their
dependence on efficient oxidative respiration. The components of
the electron transport chain are colocalized with cardiolipin in the
inner mitochondrial membrane, and their structural organization
within the membrane lipid bilayer is dependent on mature cardioli-
pin, which is lacking in individuals with BTHS.”® The role of cardi-
olipins within the mitochondria also goes beyond a structural one,
with proposed roles in signaling, in modulating reactive oxygen
species (ROS), and in mitochondrial membrane potential and
apoptosis (reviewed elsewhere®'°).

In addition to cardiomyopathy, many individuals with BTHS suffer
from recurrent episodes of neutropenia and life-threatening infec-
tions. The neutropenia has variable penetrance and is frequently
intermittent. The mechanistic link between TAFAZZIN deficiency
and neutropenia is not known.>'"'2 Unlike cardiac and skeletal
myocytes, neutrophils have relatively few mitochondria per cell, and
it was assumed that neutrophils rely on glycolysis for energy produc-
tion, though this assumption has more recently been challenged
(reviewed in Kumar and Dikshit'®). Within lymphoblasts derived
from patients with BTHS, mitochondria display ultrastructural abnor-
malities, showing reduced cristae density, poorly aligned cristae,
and fragmented cristae distribution.'* However, information on pro-
liferation, survival, or function of neutrophils in the patient with BTHS
is scarce. It is unclear if the underlying mechanism of neutropenia in
BTHS is due to diminished production or increased clearance of
mature neutrophils (eg, increased apoptosis).'®'”

Animal models of BTHS have included zebrafish, drosophila, and
mouse and have been used primarily in the study of the cardiomyop-
athy and skeletal muscle defects.'®2' One murine model of BTHS
involves knockdown of TAFAZZIN by a doxycycline-inducible short
hairpin RNA (shRNA).2""2® Hematologic abnormalities in this model
have not been characterized in depth, and the cardiac manifesta-
tions are mild and late in onset, likely because of residual TAFAZZIN
expression.

More recently, a global TAFAZZIN-knockout (KO) mouse model
(C57BL6/J) was developed that emulates many of the hallmark clini-
cal presentations of BTHS.>® Most of these mice die during the
perinatal period from skeletal muscle weakness. Those few mice
that survive into adulthood develop progressive cardiomyopathy
and cardiac fibrosis. The number of circulating neutrophils in
TAFAZZIN-KO mice that survive to adulthood (6 months) is report-
edly lower than in wild-type (WT) mice (P < .01, data found in
online Figure V of Wang et al*°).

Recent studies have pointed toward the importance of endoplasmic
reticulum (ER) stress and the unfolded protein responses in neutro-
phil survival, differentiation, and function."®2" The expression of ER
stress markers PERK and ATF6 are decreased during neutrophil dif-
ferentiation in a stage-specific manner, suggesting that dysregula-
tion of ER stress in neutrophils may affect the differentiation
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process. These authors linked mitochondrial adenosine triphosphate
(ATP) production and ER stress, showing that lower ATP supply
from mitochondria promoted higher ER stress, which subsequently
impaired protein folding and myeloid differentiation.'® These data
suggest a mechanistic link between mitochondrial defects, ER
stress, and an unfolded protein responses, ultimately resulting in
decreased neutrophil survival and function.

Here, we investigated the pathogenesis of neutropenia in TAFAZZIN-
KO mice. We took advantage of our established ER-Hoxb8 system
of conditional immortalization to generate granulocyte-monocyte pro-
genitors from TAFAZZIN-KO and WT murine fetal liver hematopoietic
progenitors.??> These progenitors are capable of unlimited culture
and expansion ex vivo as well as synchronous differentiation to
mature and functional neutrophils upon inactivation of the ER-Hoxb8
protein. Overall, our in vitro and in vivo findings point toward a mech-
anism of ER stress and apoptosis underlying the phenotype of neu-
tropenia in patients with BTHS.

Methods
Mice and animal housing

The tafazzin (TAZ) knockout (KO) mouse model was developed by
Dr. Douglas Strathdee of the Cancer Research UK Beatson Institute
in the C57BL/6J background and generously provided by Dr.
Strathdee via Dr. Wiliam Pu at Boston Children's Hospital.2#2°
Wild type (WT) CD45.1 B6.SJL-Ptprca Pepcb/Boy) mice were pur-
chased from Jackson Laboratories. Wild type CD45.15™M mice
(CD45.1 congenic mice) were generated, bred, and maintained at
Massachusetts General Hospital (MGH) as described.?® Mice were
maintained under pathogen-free conditions and experiments were
approved by the MGH Institutional Animal Care and Use Committee
(IACUC).

Genotyping protocol

Isolation of genomic DNA was performed using Qiagen's DNEasy
Blood & Tissue kit. Primers for TAFAZZIN genotyping are shown in
Table 1 all three primers were combined and used at a final concen-
tration of 1 uM with a Taq polymerase from Takara (Catalog #,
R0O01). DMSO (1 pl to a final 20 pl reaction) was included in each
reaction mixture. 35 cycles of PCR were performed under the fol-
lowing conditions: 95°C X 30 s; 67°C X 1 min; 72°C X 1 min.
Samples were analyzed on a 2% agarose gel.

Primers for the GENDER genotyping and the expected results are
shown in Table 2.27 The same PCR conditions were used as
described above.

Fetal liver cell isolation

Timed pregnancies were arranged, and pregnant females eutha-
nized on different embryonic days. Fetal livers from CD45.2 wild-
type or TAZ-KO littermate embryos were dissected, and limb tissue
was collected for the preparation of genomic DNA for genotyping

Table 1. Primers used for genotyping PCR

Primer Sequence (5°-3’) Expected size (bp)
WT-U1 CTTGCCCACTGCTCACAAAC 383

WT-D1 CAGGCACATGGTCCTGTTTC

KO-U1 CCAAGTTGCTAGCCCACAAG 280
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Table 2. Primers used for gender genotyping PCR

Primer Sequence (5°-3’) Expected size (bp)

CACCTTAAGAACAAGCCAATACA
GGCTTGTCCTGAAAACATTTGG

Sex primer-F X chromosome = 269bp

Sex primer-R Y chromosome = 353bp

(see Genotyping below). Fetal livers were macerated into a single-
cell suspension using the sterile plunger from a 5 cc syringe
through a 40 um filter into 5 mL of Ammonium-Chloride-Potassium
(ACK) buffer for red blood cell (RBC) lysis. After 5 minutes of RBC
lysis, the single-cell suspension was passed through another 40 pm
filter into a 50 ml conical tube and the tonicity restored by the addi-
tion of fluorescence-activated cell sorting (FACS) buffer (PBS +
2% FBS + 1 mM EDTA). The cells were counted with the use
of acridine orange (ThermoFisher A3568, final concentration
~1 ug/ml) to count nucleated cells and to distinguish from remain-
ing red blood cells. Fetal liver cells were collected by centrifugation
(5 minutes at 500 g) and resuspended in FACS buffer prior to anal-
ysis or in PBS prior to transplantation.

Immunophenotyping of myeloid progenitor and
stem cell compartments

For immunophenotypic evaluation of the stem cell compartment,
fetal liver cells were stained with following fluorescently labeled

mouse antibodies (Table 3) and a lineage cocktail of biotinylated
anti- mouse antibodies (B220, CD3, CD8, Mac1, Gr1, Ter119) for

Table 3. Antibodies used in flow cytometry

45 min at 4°C (Table 4). Cells were washed and stained with the
Streptavidin BUV395 or Streptavidin BV650 for 15 min at 4°C.
Cells were washed, resuspended in FACS buffer, and analyzed by
flow cytometry on an LSRIl or Celesta (BD Biosciences). Flow
cytometry data were analyzed by FlowlJo software.

ER-Hoxb8-GMP cell line development

ER-Hoxb8-granulocyte monocyte progenitor (GMP) cell lines were
established as previously described.?? Freshly isolated WT or TAZ-
KO fetal liver cells placed into culture in RPMI 1640 supplemented
with 10% FBS, 1% penicillin/streptomycin, stem cell factor (SCF,
10 ng/ml), interleukin (IL)-3 (10 ng/ml), and IL-6 (10 ng/ml). Tissue
culture plates (12-well) were coated overnight with human plasma
fibronectin (Diluted in PBS from 10 mg/ml stock to 100 ug/ml, 500
ul per well) in the tissue culture incubator. The fibronectin was aspi-
rated prior to plating of cells the following day.

At ~36 hours, the fetal liver cells were counted using acridine
orange and their concentration adjusted to ~500,000/ml. Polybrene
(10 mg/ml stock) was added to the cells at a concentration of 24
ug/ml and 500 ul of cells (~250,000 cells) was added to the
12-well plate. Retrovirus (MSCVneo-HA-ER-Hoxb8, ecotropic pseu-
dotype) was added to each well resulting in a final polybrene con-
centration of 8 ug/ml. The cells were transduced by spinoculation
(1,000 x g, 60 min, RT).

Following the spinoculation, 3 ml of proliferation media was added
to each well to dilute the polybrene. ER-Hoxb8 cells were

Marker Clone Color Company Catalog #
CD45 30-F11 PE/Dazzle 594 BioLegend 103145
CD45.1 A20 FITC BioLegend 110706
CD45.1 A20 PE/Cy7 BioLegend 110730
CD45.1 A20 BV421 BioLegend 110731
CD45.2 104 PE Thermo Fisher 12-0454-83
CD45.2 104 APC/Cy7 BioLegend 109824
CD3 145-2C11 APC BioLegend 100312
B220 (CD45R) RA3-6B2 eFluor 450 Thermo Fisher 48-0452-82
CD11b (Mac-1) M1/70 AF700 BioLegend 101222
CD11b (Mac-1) M1/70 APC BioLegend 101212
CD11b (Mac-1) M1/70 BUV737 BD Biosciences 564443
Ly-6C/G (Gr-1) RB6-8C5 BV570 BioLegend 108431
Ly-6C/G (Gr-1) RB6-8C5 PE/Cy7 Thermo Fisher 25-5931-82
Ly-6C HK1.4 BV711 BioLegend 128037
Ly-6G 1A8 APC/Cy7 BiolLegend 127623
CD117 (c-KIT) 2B8 PE BioLegend 105808
CD117 (c-Kit) 2B8 APC BioLegend 105812
Sca-1 D7 BV421 BioLegend 108128
CD34 RAM34 FITC Thermo Fisher 11-0341-85
CD16/32 2.4G2 BV605 BD Biosciences 563006
CD16/32 93 PE/Cy7 BioLegend 101318
CD48 HM48-1 APC/Cyanine? BioLegend 103432
CD150 TC15-12F12.2 APC BioLegend 115909
7-AAD BD Pharmingen 51-68981E
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Table 4. Lineage-cocktail antibodies used in flow cytometry

Marker Clone Color Company Catalog #
Ter-119 Ter-119 Biotin BD Biosciences 553672
B220 (CD45R) RA3-6B2 Biotin BD Biosciences 553086
CD3e 145-2C11 Biotin BD Biosciences 553060
Cb4 GK1.5 Biotin BD Biosciences 553728
CD8a 53-6.7 Biotin BD Biosciences 553029
CD11b (Mac-1) M1/70 Biotin BD Biosciences 553309
Ly-6C/G (Gr-1) RB6-8C5 Biotin BD Biosciences 553125
SA (Streptavidin) n/a BUV395 BD Biosciences 564176
SA (Streptavidin) n/a BV650 BioLegend 405231

maintained in R10%/SCF/E2 media: RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin,
SCF and beta-estradiol (abbreviated E2). The final concentration of
SCF was approximately 50 ng/ml and was added as 1% condi-
tioned media collected from a CHO-SCF expressing cell line. Beta-
estradiol (E2, Sigma E2578) was added to a final concentration of
0.5 uM from a 10-mM stock dissolved in 100% ethanol.

Single cell cloning was performed by limiting dilution or FACS to
place a single WT or TAZ-KO cell ER- HOX-B8 GMP in 250 ul of
media in each well of a round-bottom 96-well plate. This generally
results in a cloning efficiency of 10-20% (i.e., single cell clones in
~10-20 wells with clones emerging after ~10-12 days.

Differentiation of the WT or TAZ-KO GMPs to neutrophils was
accomplished by simply washing cells free of beta-estradiol and cul-
turing in the same media (R10%/SCF) in the absence of E2 for 4-
days.

Fetal liver cell transplantation

One day prior to transplantation, CD45.1 B6.SJL-Ptprca Pepcb/
Boy) WT mice were irradiated (600 cGy x 2 doses separated by
~ 6 hours). On the day of transplantation, fetal livers were isolated
from either C57BL/6-CD45.2 -WT or C57BL/6-CD45.2 -TAZ-KO
embryos on E15.

In addition to the fetal liver cells, bone marrow cells from a
CD45.1 WT mouse were isolated as a source of helper cells for
transplantation. Following euthanasia, the femur and tibia bones
were dissected, and bones were crushed using the back of a
sterile 50 ml conical tube into ~12 ml of FACS buffer. The single
cell suspension was transferred through a 40 uM filter into a 50
ml conical tube. Cells were pelleted, resuspended in 4 ml FACS
buffer, and then layered onto 4 ml of Ficoll-Paque PLUS gradient.
The cells were centrifuged at 400 g x 25 min at RT. Live mononu-
clear cells were collected from the Ficoll interface, washed in
PBS and counted using acridine orange (Cellometer automated
cell conter, Nexcelom).

Table 5. Cell numbers used in the fetal liver transplantation
experiments

Fetal liver cell Fetal liver cell Helper marrow cell

Transplant age count count
#1 E 15 2.4 million 0.5 million
#2 E 155 1.3 million 0.1 million
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Irradiated CD45.1 recipient WT mice were injected retro-orbitally
with either WT- or TAZ-KO fetal liver cells along with helper marrow
cells (details in Table 5). Hematopoiesis was assessed by engraft-
ment results obtained by complete blood counts (CBCs) every 4
weeks up to 16 weeks accompanied by immunophenotyping via
flow cytometric analysis. For immunophenotyping, peripheral blood
cells were collected via retro-orbital bleeding. RBCs were removed
by washing cells with ACK lysis buffer. Cells were stained with
mouse antibodies, CD45.1-FITC and CD45.2-APC/Cy7 (BioLe-
gend) for quantification of transplanted mononuclear cells.

Neutrophil differentiation and
Wright-Giemsa staining

For in vitro differentiation, GMPs were washed free of beta-estradiol
in PBS and cultured in R10%/SCF without E2 for 4 days. Differenti-
ated cells at day 4 were collected and resuspended in PBS at a
concentration of approximately 2 million/ml. Cytospin (Thermo Sci-
entific) preparations were prepared by pre-wetting the filter with
100 ul of PBS (1,000 rpm, 60 s) followed by the application of cells
(100 ul, ~200,000 cells, 1,000 rpm, 60 s). As a side note, contrary
to popular belief, longer or faster centrifugation times are not
required for nice Cytospins. Cells were air-dried and then stained in
100% Wright-Giemsa stain (Siemens, CAT# 23-044626) for 4
min, and in 20% Wright-Giemsa diluted in buffer for 12 minutes.
Stained cells were rinsed by dipping in deionized water (we typically
use 3 to 4 chambers to ensure good rinsing and a clean back-
ground), and coverslips were affixed with Permount™ mounting
media prior to microscopy. Images were captured using a 100x oil-
immersion lens.

Transmission electron microscopy

WT and TAZ-KO mouse neutrophils were cultured with and without
estrogen for four days. Cultured neutrophils were gently pelleted,
then fixed in 0.15 M cacodylate buffered 3% glutaraldehyde with 2
mM CaCl, overnight at ambient temperature. Samples were rinsed
in buffer then immersed in cacodylate buffered 2% OsO, for 90
minutes. Samples were rinsed in water, then stained enbloc with
1% Uranyl acetate overnight at 4 C, rinsed in water, dehydrated in
a graded series of ethanol to 100%, then transferred to 100% ace-
tone. Samples were infiltrated with Spurrs’ epoxy and polymerized
overnight at 70 C. Sections 80 nm in thickness were collected onto
formvar coated slot grids, stained in uranyl acetate followed by lead
citrate and examined using a FEI G20 TEM operated at 120KV.
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Immunoblotting

WT and TAZ-KO GMPs were collected, and cell lysates prepared
by resuspending the cells in loading buffer (NUPAGE LDS sample
buffer, CAT NP0008) supplemented with 2-mercaptoethanol. The
viscous cell lysate was immediately loaded into a QlAshredder (Qia-
gen) and centrifuged at 10,000 g for 30 seconds followed by imme-
diate heat denaturation (95°C for 5 minutes). This rapid processing
of cell pellets directly into the SDS-containing loading buffer helps
to ensure that there is no protein degradation. While this processing
is not typically necessary for most cells, it seems that the myeloid
progenitors have enough protease activity in their granules that pro-
tein degradation can be a major problem with most standard proc-
essing techniques.

Immunoblotting was performed with mouse anti-Cox IV (Cell signal-
ing Technology) and mouse anti- TAZ (gift from Dr. Steve Claypool,
Johns Hopkins University) antibodies. The blot and blot intensities
were imaged and quantified with the Odyssey ClLx machine
(Li-Cor).

Cardiolipin measurements

Cardiolipins were measured through lipidomics analysis at the Har-
vard Center for Mass Spectroscopy. ER-Hoxb8 GMPs (WT and
TAZ-KO, 10 million cells each) were processed in ice-cold methanol
and non-polar metabolites were extracted using methanol-chloro-
form phase separation (methanol:water:chloroform in 2:1:4 ratio).
Lipidomic profiling was then performed on the chloroform fractions
on a Thermo Fisher Q-exactive equipped with HESI source and Bio-
Bond column (50x4.6 mm, 5 um C4; Dikmatech). A volume of 20 pl
was injected and the full mass spectrum was obtained in negative
mode (0 to 60 minutes, resolution 70,000, AGC target 1€6, m/z
range 150 to 2000; dd-MS2: resolution 35,000, AGC target 1e5).
Mobile phase A consisted of 0.03% ammonium hydroxide, 5%
methanol, in water and mobile phase B of 0.03% ammonium
hydroxide, 5% water, 35% methanol, 60% isopropanol. Analysis
was performed in an untargeted manner using the LipidSearch soft-
ware (Thermo Fisher Scientific).

Gene expression analysis by RNA-sequencing

Total RNA was prepared from five milion WT or TAZ-KO GMPs
using the RNeasy-Plus Mini Kit (QIAGEN). In addition to the geno-
mic DNA removal column, the optional on-column DNAse digestion
was performed to further deplete contaminating genomic DNA.
Libraries were prepared with an RNA- seq library preparation kit
(E7490, NEB) and were sequenced on lllumina HiSeq 2500 instru-
ment, resulting in ~30 million 50 bp reads per sample.

RNA-seq reads were aligned to the mouse transcriptome
(ENSEMBL annotation of mm9 reference genome, NCBI Build 37)
using STAR (Dobin et al., 2013). Read counts for individual genes
were produced using HTSeq (Anders et al., 2015). Differential
expression analysis was performed using the EdgeR (Robinson
et al,, 2010) after normalizing read counts and including only those
genes with CPM > 1 for one or more samples.

DAVID 6.7 was used for analysis of differentially expressed genes
obtained from the expression profile data. Gene ontology options
GOTERM_BM_ALL (p value < 10-7) and GOTERM_KEGG
PATHWAY were selected, and a functional annotation heatmap
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was generated using JavaTreeview. The raw data are available in
GEO (GSE151006).

In vitro phagocytosis and imaging flow cytometry

WT or TAZ-KO GMPs were differentiated out of E2 for a period of
4 days. Cells were resuspended in media with fluorescein-labeled
heat-killed Escherichia coli or Staphylococcus aureus bioparticles
(Molecular Probes) at a ratio of 1:3. Cells and bioparticles were agi-
tated gently for 45 min at 37°C. Cells were washed in PBS and
resuspended in FACS buffer for flow cytometry. Cells were also
stained with mouse antibody CD11b-APC and DAPI as a viability
dye prior to Imaging flow cytometry. The data were collected with
the help of Scott Mordecai in the Department of Pathology flow and
Image Cytometry Core (Amnis ImageStream, EMD Millipore).

In vivo phagocytosis

Fluorescein-labeled heat-killed E. coli bioparticles (100 pg) resus-
pended in PBS were injected into the peritoneal cavity of WT recipi-
ent mice that had been previously transplanted with either WT or
TAZ-KO fetal liver cells and allowed to engraft and reconstitute for a
minimum of 16 weeks. After 3 hours, peritoneal cells were collected
by instilling 10 ml of FACS buffer into the peritoneum of a eutha-
nized mouse (21 G syringe) and then removed as much fluid as
could be obtained using a syringe affixed to a 16 G needle. The
cells were washed and stained with DAPI as well as the following
mouse antibodies: CD45.1-PeCy7, CD45.2-PE, CD11b-APC,
Ly6C-BV711, Ly6G-APC-Cy7 (BioLegend). Flow cytometry was
performed to identify bioparticles engulfed by neutrophils.

Detection of cytokine and protease secretion from
WT or TAZ-KO neutrophils

The amount of tumor necrosis factor alpha (TNF-a) (R&D system,
DY410-05), neutrophil elastase (R&D system, DY4517-05), and lip-
ocalin-2 (R&D system, DY1857-05) from WT and TAZ-KO mature
neutrophils was measured by ELISA according to the manufac-
turer's instructions. Briefly, 100,000 neutrophils were counted and
plated in 96 well round bottom plates and incubated with 10 ng/ml
lipopolysaccharide (LPS, Invivogen) for 4 hours at 37°C. Cells were
pelleted (1000 x g, 10 minutes) and the cell culture supernatant col-
lected for the ELISA assay. Cell pellets were collected for the mea-
surement of total protein (QuantiPro BCA Assay kit, Sigma-Aldrich)
as a means of normalization in addition to the cell counts.

Evaluation of Reactive Oxygen Species (ROS) in
neutrophils

Neutrophil activation assay via SeaHorse assay. The agi-
lent Seahorse XF Neutrophil Acivation Assay was performed
according to the manufacturer's instructions. Briefly, neutrophils
were seeded on Cell-Tak (Corning, # 354240) coated 96 well cell
culture microplates at a density of 1 X 10° cells per well. The cell
culture microplate was centrifuged for 1 min at 200 g to adhere the
cells to the plate and incubated at 37°C without CO2 for 45 min
prior to XF assay. A pre-hydrated XF cartridge was loaded with Rot/
AA and PMA then the plate with a cartridge was placed in the XF
instrument. During the assay, an initial injection of inhibitors rotenone
and antimycin A (Rot/AA) to discard mitochondrial contribution to
OCR, was followed by an injection of activator, 100 ng/ml PMA.
The XF instrument monitors and measured the oxygen consumption
rate (OCR) from cells for up to 240 minutes. The final OCR values
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Table 6. Compounds and chemicals

Compound Company Catalog Note

ABT199 Cayman Chemical Company 16233 Dissolved in DMSO
Thapsigargin Cayman Chemical Company 10522 Dissolved in DMSO or EtOH/PBS
Tunicamycin Sigma-Aldrich T7765 Dissolved in DMSO

AMG 176 ChemieTek CT-AMG176 Dissolved in DMSO

were automatically calculated in Wave Software (version 2.4). Dur-
ing the assay, an additional 96 well plate with 1X10° cells per well
was prepared to perform CellTiter-Glo (CTG, Promega) assay for
quantifying viable cells. The OCR values were normalized to Cell-
Titer-Glo (CTG, Promega) assay data.

Cytochrome C assay. One day prior to the assay, 1/3 of a 96
well Immulon | 4HBX Flat-bottom plate (Thermo Scientific,
#1424578) was coated with 100 pl of RGD peptide (15 pg/ml,
diluted in HBSS with Ca®* or Mg2 ™ buffer solution (HBSS+/+),
Sigma Aldrich, F8141) and the plate incubated overnight at room
temperature. 100 pl of HBSS+/+ was added into all other wells.
On the day of the assay, the wells were emptied and 100 pl of
PBS + 10% FBS was added to each well and the plate was incu-
bated at 37°C for 30 min and then washed one time with
HBSS+/+.

Differentiated neutrophils were collected by gentle pipetting to avoid
mechanical activation and were washed 3x in HBSS without Ca®*
or Mg2™* (HBSS-/-). Centrifugation steps were done at 250 g for 5
min to minimize mechanical stimulation. After the last wash, cells
were counted and resuspended in HBSS+/+ buffer (at a concen-
tration of 100,000 cells per 40 pl) and allowed to ‘rest’ for at least
2 hours at RT. Cells (40 pl) were plated into each well and Cyto-
chrome C (50 pl, 200 mM in HBSS+/+, Sigma Aldrich) was
added. Following the addition of Cytochrome C, 10 pl of PMA (250
nM, Sigma Aldrich) or fMLP (10 pM, Sigma Aldrich) diluted in
HBSS+/+ was added into each well to stimulate cells for ROS
production.

Reduction of Cytochrome C was quantified by measured fluores-
cence at two wavelengths (550 minus 490) via plate reader (Syn-
ergy HTX, BioTek). The fluorescence measurements were recorded
every 2 minutes over the course of one hour. The concentration of
superoxide was calculated, graphed, and the area under the curve
was calculated using Prism software. The CellTiter-Glo (CTG, Prom-
ega) assay was performed to quantify viable cells in each well
before the Cytochrome C assay for the purpose of normalization.

Table 7. Antibodies used for intracellular staining

H,DCFDA. After serial incubation steps with HBSS-/- and
HBSS+/+ buffers, 500 pl of cells (100,000 cells) were transferred
into FACS tubes. Then cells were incubated with 5 uM H2-DCFDA
(Thermo Fisher Scientific) diluted in HBSS+/+ in the dark for 15
minutes at 37°C. Cells were washed with HBSS+/+ twice and
resuspended in 500 pl of HBSS+/+ with 50 pl of PMA, fMLP, or
RGD. All centrifugation was done at 250g for 5 minutes. Immedi-
ately after adding stimuli, the mean fluorescence intensities from
each FACS tubes were measured at 15 minutes.

MitoSOX. Mitochondrial-derived ROS (mtROS) were detected in
cells (100,000) stained at 37°C for 20-30 min with 5 pM Mito-
SOX™ Red (ThermoFisher Scientific, M36008). After staining, the
cells were washed and analyzed by flow cytometry within 10-20
min of the completion of staining. To increase mtROS production,
neutrophils were incubated with PMA (250 nM) for 46 minutes prior
to the MitoSOX staining.

In vitro apoptosis assays

Cells (10,000) were counted and plated into the wells of a 96 well
flat-bottom plate in a volume of 100 pl. The opaque Corning 96-well
solid white flat bottom polystyrene TC-treated microplates were used
for these luminescence-based assays (Product 3917). Varying con-
centrations of ABT199, AMG173, or Thapsigargin (Cayman Chemi-
cal Company) dissolved at 10 mM in DMSO were added to each
well using an HP D300e digital dispenser (Tecan) (Table 6). After
incubation for 24 hours (tissue culture incubator), 100 ul of CellTiter-
Glo® was added to each well and incubated for 10 minutes at RT
prior to luminescent recording. (As an editorial note, we have taken to
using the CellTiter-Glo reagent at a dilution of 1:1 in PBS. A compari-
son of dilutions in PBS up to 1:8 were equivalent for assays where
the final cell # did not exceed 40,000 cells per well).

Induction of in vivo ER stress and evaluation of ER
stress markers in neutrophils

After 16 weeks, CD45.1 B6.SJL-Ptprca Pepcb/Boy)] WT mice
transplanted with either CD45.2 WT- or TAZ-KO fetal liver cells

Marker Clone Color Company Catalog #
ATF4 D4B8 Cell Signaling 118158
ATF6 D4z8Vv Cell Signaling 658808
BiP C50B12 Cell Signaling 3177S
CHOP D46F1 Cell Signaling 55548
p-elF2a D9G8 Cell Signaling 33988
p-PERK Thro82 Thermo Fisher PA5-102853
beta-Actin 13E5 Cell Signaling 4970S
Donkey anti-rabbit AF488 Invitrogen A-21206
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Table 8. Primers used for qPCR to determine mitochondrial copy #

Mitochondrial Primer Sequence

ND1 (JS) Forward CTAGCAGAAACAAACCGGGC
Reverse CCGGCTGCGTATTCTACGTT

ND3 (TB) Forward GCATTCTGACTCCCCCAAAT
Reverse TGAATTGCTCATGGTAGTGGA

12S (TB) Forward ACCGCGGTCATACGATTAAC
Reverse CCCAGTTTGGGTCTTAGCTG

16S (IS) Forward GCAATTATTCCCCATGAACG
Reverse CCGCAAGGGAAAGATGAAAGAC

Genomic Primer Sequence

18S (TB) Forward CGCGGTTCTATTTTGTTGGT
Reverse AGTCGGCATCGTTTATGGTC

SEMA (GS) Forward ACCGATTCCAGATGATTGGC
Reverse TCCATATTAATGCAGTGCTTGC

HK2 (JS) Forward GCCAGCCTCTCCTGATTTTAGTGT

Reverse GGGAACACAAAAGACCTCTTCTGG

were intraperitoneally injected with Tg dissolved in DMSO (1 mg/
kg). After 3h, the mice were anesthetized for retroorbital peripheral
blood sampling. Peripheral blood was placed into ACK lysis buffer
for 5 min. Cells were then centrifuged 2,000 g x 5 min at RT and
pellets were resuspended in PBS for further flow cytometry.

Quantification of ER stress markers by intracellular
flow cytometry

At first, cells were incubated with 100 pl of CD16/32 Fc block
diluted 1/50 in PBS for 15 min at 4°C. After wash, cells were
stained in PBS with CD45.2-APC/Cy7, CD45.1-BV421, CD11b-
BUV737, Ly- 6G/C-PE/Cy7 mouse antibodies (Table 7), and a
LIVE/DEAD™ fixable dead cell stain (Thermo Fisher Scientific;
Cat# L34961) in the dark for 30 min at RT. Then cells were
washed, pelleted, and fixed with Cytofix/Cytoperm Fixation & Perme-
abilization (BD Biosciences). Samples were washed twice with 1X
BD Perm/Wash™ Buffer (BD Biosciences) + 2% FBS (WashB),
being pelleted at 1,000 g x 5 min at 4°C. Then cells were incubated
overnight at 4°C with the following mouse primary antibodies: ATF-
4 (Cell Signaling Technology), AFT-6 (Cell Signaling Technology),
BiP (Cell Signaling Technology), CHOP (Cell Signaling Technol-
ogy), phospho-elF2a (Cell Signaling Technology), or phospho-
PERK (Thermo Fisher Scientific). The next day, samples were
washed four times and pelleted. Cells were incubated with a donkey
anti-rabbit AF488 secondary antibody (Thermo fisher Scientific) for
1-hour at 4°C, after which cells were washed four times and pel-
leted. Samples were then resuspended in FACS buffer and ana-
lyzed on an LSRIl (BD Biosciences).

Quantification of mitochondrial DNA

Multiple nuclear and mitochondrial genes were selected to evaluate
the relative copy number of mitochondrial DNA and nuclear DNA
(Table 8). A comparison of mtDNA expression relative to nDNA
expression was utilized to determine the mtDNA:nDNA copy num-
ber ratio.?®
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Nuclear and mitochondrial DNA was prepared from GMP clones
using Qiagen's QlAamp DNA Mini Kit. We did perform the ‘optional’
RNAse digestion, which greatly improved the quality of our data.
Once the DNA was extracted quantified (NanoDrop), the samples
were diluted to 5 ng/uL. For each gene, a 10 uM working stock
mastermix of forward and reverse primers was prepared from a 100
KM primer stock solution. Mastermixes for each primer set were pre-
pared as follows (per well): forward and reverse primers 1 pl
(10 uM stock, final concentration 500 nM), Biorad Syber Green 10
ul, water 7 pl. In 96-well plate format, 18 pl of mastermix was added
and 2 pl (10 ng) of DNA combined for a total of 20 ul/well. For
each gene and each sample quadruplicate wells were used. Plates
were sealed and gPCR performed (Biorad).

Isolation of mitochondria from the ER-Hoxb8 GMP

Mitochondria were isolated using Qiagen’s Qproteome Mitochon-
dria Isolation Kit (37612). Given the low number of mitochondria
per cell, we started the protocol with 40 million cells and followed
the additional recommended steps for isolation of “high-purity
mitochondria”. Mitochondria were resuspended in 50 pl of the Mito-
chondrial Storage Buffer and stored at (-)80°C.

Blue native polyacrylamide gel electrophoresis
(BN-PAGE)

Isolated mitochondria samples were thawed on ice and 20 ul
of cellular mitochondrial protein corresponding to the mitochon-
dria from 16 million cells were treated with 1.5 ul of the deter-
gent n- Dodecyl-b-D-maltoside (DDM) prepared at 10% in water
(89903, Thermo Scientific) and incubated on ice for 10 min. The
samples were centrifuged at 20,000 x g for 30 min at 4°C, the
pellet was discarded, and the supernatant transferred to new
microcentrifuge tubes. 1.5 ul of 1.25% Coomassie brilliant blue
G-250 (20279, Thermo Scientific) dye and 2 ul of glycerol was
added to samples, mixed and 25 ul was loaded to each well of a
pre-cast 3-12% Bis-Tris native PAGE gel (BN1001BOX, Invitro-
gen). The NativeMark™ unstained protein standard (LC0725,
Invitrogen) was used as a molecular weight marker.

Electrophoresis was performed using the XCel™ Surelock™ Mini-
Cell blot module (Invitrogen). Dark blue cathode buffer (1 X Native
PAGE™ running buffer with 0.05% NativePAGE™ cathode buffer
additive, by Invitrogen, BN2001 and BN2002 respectively) was
added to the inner chamber of the blot module and the anode buffer
(1 X Native PAGE™ running buffer) was added to the outer cham-
ber (Alba Timon-Gomez et al., Star Protocols, 2020; Edgard M.
Mejia et al., J. Biol. Chem., 2018). The gel was run at a constant
voltage of 100 V for 1 h at 4°C whereby the dark blue cathode
buffer was replaced with the light blue cathode buffer (1 X Native
PAGE™ running buffer with 0.005% NativePAGE™ cathode buffer
additive) and run at 200 V for 2h at 4°C.

After the electrophoresis the gel was fixed and incubated with
0.25% Coomassie brilliant blue G-250 staining solution (40% meth-
anol and 7% acetic acid) for 30 min at room temperature. The stain-
ing solution was removed and replaced with Coomassie destaining
solution (40% methanol and 7% acetic acid) and placed on a
rocker for 3h. The gel was scanned and the bands corresponding
to the mitochondrial supercomplexes were quantified with the Odys-
sey CLx machine (Li-Cor).
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Figure 1. TAFAZZIN is dispensable for fetal liver myelopoiesis. (A) Flow cytometry gating strategy for fetal liver myeloid progenitor populations. Common myeloid

progenitors (CMPs), megakaryocyte-erythrocyte progenitors (MEPs), and granulocyte-macrophage progenitors (GMPs) were identified based on CKIT, SCA1, CD16/32, and
CD34 staining. (B) Myeloid progenitors were enumerated in the WT or TAFAZZIN-KO fetal livers harvested at embryonic days 14, 14.5, 15, 15.5, and 16. The numbers of
fetal livers included in the analysis is indicated. (C) A focus on the frequency of GMPs, combined from the other panels, within the fetal livers of WT or TAFAZZIN-KO

embryos shows as significant difference only at E14. Error bars indicate the mean *+ SD. t tests were performed. *P < .05. Other results are not statistically significant.

Statistical analyses

Statistical methods as well as the number of clones and independent
experiments is listed on the Figures or within the Figure Legends.

Study approval

All animal experiments were approved by the Massachusetts Gen-
eral Hospital (MGH) Institutional Animal Care and Use Committee
(IACUC).

Results

TAFAZZIN-deficient mice demonstrate normal fetal
liver hematopoietic development

We hypothesized that the loss of TAFAZZIN may result in a defect
in myelopoiesis that would be exacerbated during periods of stress

2564 SOHN et al

or infectious challenge. Unfortunately, the majority of TAFAZZIN-
knockout (TAFAZZIN™"Y: abbreviated in the figures as TAZ-KO)
mice do not survive into adulthood, preventing a straightforward
analysis of adult hematopoiesis.'®

In the developing embryo, blood development occurs in the fetal
liver (beginning around embryonic day [E]11.5) before the hemato-
poietic stem cells migrate to bone marrow.?® To investigate whether
the TAFAZZIN deficiency results in impaired neutrophil develop-
ment, we characterized the myeloid progenitors within the hemato-
poietic compartment of TAFAZZIN-KO and WT (TAFAZZINW™Y)
fetal livers at 5 time points (E14-E16) along embryonic development
(Figure 1B). Using timed pregnancies, fetal livers were dissected
and dissociated into single-cell suspensions for antibody staining
and flow cytometry (the gating strategy is indicated in Figure 1A).2°
Of note, the percent of lineage negative, KIT"°S cells was much
higher in the fetal liver hematopoietic cells as compared with adult
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murine bone marrow. Polymerase chain reaction (PCR)-based geno-
typing distinguished WT from TAFAZZIN-KO embryos (supplemen-
tal Figure 1A) and distinguished male from female embryos
(supplemental Figure 1B).

Analysis of the TAFAZZIN-deficient E14 and E14.5 embryos sug-
gested a lower percentage of granulocyte monocyte progenitors
(GMPs) as compared with their WT littermates (Figure 1C), though
statistical power is limited by the limited number of embryos per lit-
ter and the lack of multiple replicates at each time point. This differ-
ence was abrogated at the E15, E15.5, and E16 time points, where
the distribution of myeloid progenitors was strikingly similar between
KO and WT embryos (Figure 1B). Overall, these experiments sug-
gest that the lack of TAFAZZIN activity may result in slightly delayed,
but ultimately normal myeloid progenitor development.

TAFAZZIN deficiency does not affect adult
hematopoiesis

Most TAFAZZIN-KO animals die in the perinatal stage, making an
analysis of the adult bone marrow compartment challenging. To
investigate the developmental potential of TAFAZZIN-deficient
hematopoietic stem cells and myeloid progenitors, we used a strat-
egy of fetal liver stem cell transplantation.®%*"

This experiment was performed twice, and the results are presented
in Figure 2 and supplemental Figure 2. In the first experiment, E15
embryos (2 WT males and 4 TAFAZZIN-KO males) were geno-
typed, pooled, and transplanted into WT recipients (Figure 2A).
Here, the fetal liver hematopoietic cells are marked with CD45.2,
whereas the lethally irradiated, WT recipients are the congenic
CD45.15™ strain.® CD45.15™M helper bone marrow was also
provided given the limited number of fetal liver cells.

The contribution of the donor WT and TAFAZZIN-KO cells remained
stable over 12 weeks posttransplant, as demonstrated by peripheral
blood sampling (Figure 2B). The percentage of CD45.2 white blood
cells was on average 79% and 63% in the WT fetal liver into WT
recipients and TAFAZZIN-KO fetal liver into WT recipients transplants,
respectively. The stability of the %CD45.2 over time suggested that
the TAFAZZIN-KO cells had similar reconstitution potential in the
hematopoietic system. It is possible that we simply transplanted fewer
hematopoietic stem cells, and possible that the TAFAZZIN-KO cells
had slightly lower engraftment potential. The mice were considered to
have stable reconstitution at 16 weeks, establishing a cohort of mice
specifically lacking TAFAZZIN in their hematopoietic system.

At approximately 16 weeks, analysis of the complete blood counts
of these transplanted mice consistently demonstrated leukopenia
(Figure 2C) in the setting of normal peripheral red blood cell and
platelet counts. Flow cytometric analysis of the peripheral blood
cells, with a focus on cells derived from the transplanted fetal liver
cells (CD45.2") revealed fewer white blood cells across the spec-
trum of B, T, and myeloid cells without the specific loss of any

compartment (Figure 2D; gating strategy, supplemental Figure 2D).
Analysis of the bone marrow compartment was performed by flow
cytometry (Figure 2E; gating strategy, supplemental Figure 2E); no
differences were detected within the bone marrow mature or pro-
genitor populations when comparing mice transplanted with WT or
TAFAZZIN-KO fetal liver cells.

In the second experiment, E15.5 embryos (4 WT males and 1
TAFAZZIN-KO male) were genotyped, pooled, and transplanted.
Analysis of reconstitution (supplemental Figure 2A), complete blood
counts (supplemental Figure 2B), and flow cytometric characteriza-
tion of peripheral blood leukocytes (supplemental Figure 2C) was
entirely consistent with our first experiment. The degree of fetal liver
cell (CD45.2) reconstitution at 16 weeks was slightly less in the
TAFAZZIN-KO transplants (89%) compared with the WT trans-
plants (95%), again suggesting simple technical variability or a mild
defect in engraftment. The bone marrow compartment of these
mice was not assayed because the mice were used for the in vivo
phagocytosis experiments described later.

Overall, these experiments point toward a mild and consistent leuko-
penia in the mice transplanted with the TAFAZZIN-KO fetal liver
cells. This leukopenia manifests as a mild decrease across lineages,
including peripheral B cells, T cells, myeloid cells, and neutrophils.

The ER-Hoxb8 system of conditional immortalization
establishes TAFAZZIN-deficient GMPs

The ER-Hoxb8 system was first described in 2006 and has been
adopted by more than 125 laboratories worldwide as a model for
the study of myeloid progenitors and their mature progeny cells
including neutrophils, monocytes, eosinophils, basophils, and den-
dritic cells.3? The retrovirally delivered ER-Hoxb8 protein is constitu-
tively expressed but active only in the presence of supra-physiologic
concentrations (0.5 pM) of B-estradiol (E2). While active, ER-Hoxb8
arrests myeloid differentiation at the GMP stage of development,
allowing for their continuous self-renewal and propagation ex vivo.
Upon removal of E2, which inactivates the ER-Hoxb8 protein, the
cells undergo synchronous and terminal differentiation to mature
neutrophils over approximately 4-days.

Following transduction of wild-type and TAFAZZIN-KO fetal liver
cells, we generated conditionally immortalized GMP populations
and then single-cell clones in the presence of stem cell factor and
E2 (Figure 3A). The genotype of the clones (C, F, I, and L) was con-
firmed by PCR; immunoblotting confirmed the lack of TAFAZZIN
protein expression (Figure 3B). The proliferation rate varied slightly
from clone to clone, though overall the TAFAZZIN-KO GMPs prolif-
erated more slowly than the WT GMPs. Both WT and TAFAZZIN-
KO GMPs exhibited normal morphologic differentiation to mature
neutrophils as evidence by Wright-Giemsa staining of Cytospin
preparations 4 days out from E2 (Figure 3C; supplemental Figure
3A). Both WT and TAFAZZIN-KO GMPs exhibited the expected

Figure 2 (continued) contribution of engraftment. (B) The frequency of CD45.2 donor cells, both WT and TAFAZZIN-KO, in the peripheral blood remains stable following

transplantation. (C) Complete blood counts of the peripheral blood demonstrate a mild leukopenia in mice transplanted with TAFAZZIN-KO fetal liver cells. (D) Flow

cytometry was used to enumerate specific populations within the peripheral blood, with a focus on the transplanted CD45.2 cells. The lack of TAFAZZIN results in

significantly fewer B cells, T cells, myeloid cells, and neutrophils. (E) Flow cytometric analysis of mature and progenitor populations within the bone marrow did not reveal
any differences between mice reconstituted with WT or TAFAZZIN-KO fetal liver cells. Error bars indicate the mean = SD. t tests were performed. **P < .01; ***P < .001;

P < .0001. NS, not statistically significant.
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acquisition of CD11b and GR1 cell-surface staining upon with-
drawal of E2 and differentiation (Figure 3D). Multiple WT and
TAFAZZIN-KO clones were analyzed for mitochondrial content
using parallel methods of quantitative reverse transcriptase PCR
(supplemental Figure 3B) and MitoTracker staining (supplemental
Figure 3C). The lack of TAFAZZIN did not lead to a significant
change in the mitochondrial content of the GMP clones.

On very rare occasions, TAFAZZIN-KO animals survive the perinatal
period into adulthood. The unexpected availability of a TAFAZZIN-KO
adult mouse and WT male littermate control permitted the isolation
and morphologic analysis of Cytospin preparations by Wright-
Giemsa staining of primary bone marrow neutrophils (supplemental
Figure 3E). The appearance of the primary neutrophils was similar to
the ER-Hoxb8-derived neutrophils, and in neither setting did the lack
of TAFAZZIN change the morphologic appearance of the cells.

Loss of TAFAZZIN results in ultrastructural changes
within the mitochondria

Transmission electron microscopy was performed on WT and
TAFAZZIN-KO GMPs and mature neutrophils. Within the progeni-
tors, mitochondrial size appeared equal but mitochondrial cristae
were more distinct in the WT cells and spiral structures more preva-
lent in the TAFAZZIN-KO cells (Figure 3E; supplemental Figure 4A).
Intriguingly, the TAFAZZIN-KO mitochondria were often entirely
encircled by rough ER (Figure 3E; supplemental Figure 4C). These
same findings persisted in the mature neutrophils (Figure 3E; sup-
plemental Figure 4B).

Loss of TAFAZZIN in myeloid progenitors results in
expected increase in monolysocardiolipin

The ER-Hoxb8 WT and TAFAZZIN-KO GMPs provided an unlimited
source of homogenous progenitors for lipodomic analysis following
methanol-chloroform extraction from 4 WT and 4 TAFAZZIN-KO
clones. The total pool of cardiolipin was significantly reduced in the
TAFAZZIN-KO cells with the expected shift toward the accumula-
tion of monolysocardiolipin (Figure 4A). When looking at specific
species of cardiolipins and enumerating the number of unsaturations
(eg, double bonds) within the 4 cardiolipin lipid tails, there was a
clear distinction with the expected complete lack of highly unsatu-
rated cardiolipins in the TAFAZZIN-KO cells (Figure 4B), consistent
with published findings.?*

Loss of TAFAZZIN does not affect neutrophil
phagocytosis or cytokine production

The terminally differentiated neutrophil has myriad effector functions
for efficient pathogen clearance including phagocytosis, cytokine
production, and the release of antimicrobial proteins. The ER-Hoxb8
GMPs were differentiated ex vivo and experiments performed 4
days following removal of E2. Mature neutrophils were incubated
with fluorescently labeled BioParticles Staphylococcus aureus

(S aureus) and Escherichia coli (E col) to assess phagocytic
capacity. Imaging flow cytometry (ImageStream) confirmed the pro-
cess of phagocytosis by demonstrating that bacteria were truly inter-
nalized as compared with stuck to the extracellular membrane
(Figure 4C). The capacity for phagocytosis of both S aureus and
E coli in vitro was strikingly similar across multiple WT and
TAFAZZIN-KO clones (Figure 4D).

To examine phagocytosis in vivo, we took advantage of WT mice
that had received hematopoietic stem cell transplantations from
both WT and TAFAZZIN-KO fetal livers, as described previously
(Figure 2A). At 20 weeks posttransplant, >85% of their hematopoi-
etic cells were derived from the transplanted fetal liver cells
(CD45.2) and could be distinguished from host (CD45.1) on the
basis of CD45 staining. These mice received a single intraperitoneal
injection of fluorescently labeled E coli BioParticles to stimulate neu-
trophil recruitment and phagocytosis within the peritoneal cavity. At
3 hours postinjection, there was no difference in the degree of
recruitment (data not shown) or in the degree of in vivo phagocyto-
sis (Figure 4E) between WT and TAFAZZIN-KO neutrophils.

In similar fashion to the in vitro phagocytosis assays described,
ER-Hoxb8 neutrophils were stimulated with lipopolysaccharide
(LPS) as a strong TLR4 agonist mimicking infection with gram-
negative rod bacteria. Using enzyme-linked immunosorbent assay,
we quantified the production and release of tumor necrosis factor
a (TNF-a), neutrophil elastase (ELA2), and neutrophil gelatinase
associated lipocalin (NGAL). Similar to our phagocytosis assays,
there were no significant differences between WT and TAFAZZIN-
KO clones in their ability to produce TNF-a, ELA2, or NGAL (Fig-
ure 4F). In addition, there were no significant differences in the
ability of mature neutrophils to migrate across a semipermeable
transwell membrane in response to LPS stimulation (supplemental
Figure 3D).

Together, these results suggest that TAFAZZIN is dispensable for
the terminal neutrophil effector functions of phagocytosis, cytokine
production, and antimicrobial granule release.

Loss of TAFAZZIN does not affect neutrophil
production of ROS

Neutrophils generate a variety of ROS for pathogen killing including
superoxide (O, ) and hydrogen peroxide (H,O,). Figure 5A outlines
some of the commonly understood ROS pathways as well as the
reagents used to measure and to distinguish the different species.
Using the ER-Hoxb8 mature neutrophils, we compared oxygen con-
sumption, superoxide generation, and hydrogen peroxide generation
between the WT and TAFAZZIN-KO cells.

Neutrophils were stimulated by phorbol 12-myristate 13-acetate
(PMA), an activator of protein kinase C, and oxygen consumption
monitored over time using the Seahorse XF platform; there was

Figure 3 (continued) progenitors in the presence of estrogen. (B) Immunoblotting confirms the absence of TAFAZZIN expression in the TAFAZZIN-KO GMPs using 2
different antibodies; B-actin and COX-IV are included as housekeeping controls. (C) Wright-Giemsa staining of WT and TAFAZZIN-KO mature neutrophils. (D) Cell-surface
staining of CD11b (Mac1) and GR1 (Ly6G/C) was assayed by flow cytometry in the GMPs (day 0) and as the cells differentiated out of estrogen to mature neutrophils
(days 3 and 5). There was no apparent difference between WT and TAFAZZIN-KO clones. (E) Transmission electron microscopy of WT and TAFAZZIN-KO GMPs
demonstrated more distinct mitochondrial cristae in the WT cells (black arrows, top), with spiral cristae structures more prevalent in the KO (white arrow, bottom). In many
cases, the mitochondria within the TAFAZZIN-KO cells were encircled by RER (black arrows, bottom). Scale bar: 500 nm.
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twice. Error bars indicate the mean = SD. ¢ tests were performed. ***P < .001. NS, not statistically significant.
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In the process of phagocytosis, neutrophils activate membrane-associated NADPH oxidase to generate a powerful oxidative burse (measured by the Seahorse assay). During
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no significant difference when comparing WT and TAFAZZIN-KO
cells (Figure 5B).

Neutrophils were stimulated with PMA as well as the chemotactic
peptide formyl-methionyl-leucyl-phenylalanine (fMLP), or the multiva-
lent peptide poly-arginine-glycine-aspartate (poly-RGD). Extracellular
superoxide anion production was measured over time using a tech-
nique of cytochrome C reduction and the area under the curve was
calculated as a measure of total superoxide production (Figure 5C).
There were no differences in superoxide production of neutrophils
when comparing WT and TAFAZZIN-KO clones.

The cell-permeant dye fluorescein 2', 7’ -dichlorodihydrofluorescein
diacetate can be converted intracellularly to the fluorescent mole-
cule 2', 7 -dichlorofluorescein (DCF) in the presence of intracellular
H,0,. Thus, the accumulation of DCF, and of green fluorescence,
can be monitored by flow cytometry as a surrogate of intracellular
Hy0,. WT and TAFAZZIN-KO neutrophils responded similarly to
the 3 stimuli of PMA, fMLP, and RGD in terms of H,O, production
and DCF fluorescence (Figure 5D).

WT and TAFAZZIN-KO GMPs and mature neutrophils were
assayed under homeostatic conditions to measure the amount of
mitochondrial superoxide using the dye indicator MitoSOX. There
was no significant difference between the 2 genotypes in terms of
the amount of measurable mitochondrial superoxide (Figure 5E).

Together, these results suggest that TAFAZZIN is dispensable for
the generation of ROS in response to multiple stimuli within the con-
text of the mature neutrophil.

The loss of TAFAZZIN does not affect mitochondrial
complex assembly

Given the role of mature cardiolipin in the organization of the inner
mitochondrial membrane and the close relationship with complexes
and supercomplexes of the electron transport chain,®'3® we exam-
ined the effect of TAFAZZIN deficiency on complex assembly in our
model GMP cell lines. Following the isolation of purified mitochon-
drial, a system of Blue Native polyacrylamide gel electrophoresis
(BN-PAGE) was used to separate the high-molecular-weight com-
plexes under nondenaturing conditions.3”3° These were stained
with Coomassie Birilliant Blue G-250 (Figure 6A) and quantification
done on the LI-COR scanner because Coomassie can be readily
imaged in the 700-nm channel (Figure 6B). A comparison of 3 WT
and 3 TAFAZZIN-KO clones did not reveal significant differences in
mitochondrial complex assembly in our model GMPs. Higher molec-
ular weight supercomplexes were not readily visible in the mitochon-
drial isolated from our neutrophil progenitors. Overall, these results
are consistent with previous results in WT and BTHS human lym-
phoblasts, where the RNA interference knockdown of TAFAZZIN in

the WT lymphoblasts did not lead to changes in the mitochondrial
complexes.®®

Gene expression analysis suggests increased
ER stress

Given the functional similarity of neutrophils in our assays, we turned
to a transcriptomic comparison (RNA-sequencing) of ER-Hoxb8
GMPs. The lack of TAFAZZIN did not lead to widespread transcrip-
tomic changes (Figure 6C). Furthermore, there were no obvious and
significant changes at the pathway level that resulted from the loss
of TAFAZZIN (eg, gene ontology, DAVID, GSEA, data not shown).
In manually curating the gene expression data, we noted that
TAFAZZIN was the gene most differentially expressed (as would be
expected) and that housekeeping genes such as 3-actin were unaf-
fected by the loss of TAFAZZIN expression (Figure 6D).

One of the most differentially expressed genes was the transcription
factor DNA Damage Inducible Transcript 3, also known as C/EBP
homologous protein (CHOP) (Figure 6E). Given the role of CHOP
as a terminal effector of ER stress,*® we examined the expression of
other canonical ER stress pathway genes and found significant
changes in the expression of ATF4 and ERN1 as well as apoptosis
pathway genes BCL2 (Figure 6E). Notably, many of the other genes
in the ER stress and apoptotic pathways did not show significant
differences at the transcriptomic level.

Gene expression data are publicly available in GEO (GSE151006)
and the complete list of count per million, logFC, and false discovery
rate can be found in supplemental Spreadsheet 1.

TAFAZZIN-deficient myeloid progenitors are more
sensitive to apoptosis and ER stress in vitro

Given the gene expression differences, we wished to assay the sen-
sitivity of the WT and TAFAZZIN-KO ER-Hoxb8 GMPs to triggers
of apoptosis. Cells were exposed to an inhibitor of BCL2
(ABT199), an inhibitor of MCL1 (AMG176), and a trigger of ER
stress (thapsigargin). Thapsigargin is an inhibitor of the sarcoplas-
mic ER Ca2" ATPase, which leads to ER stress and activation of
the unfolded protein response and ultimately cell death. Viability was
assayed at 24 hours. The TAFAZZIN-KO cells showed increased
sensitivity to apoptosis following inhibition of BCL2, but not MCL1,
and were slightly more sensitive to thapsigargin (Figure 7A). Given
the subtle nature of the differences, these assays were repeated on
multiple clones and on 5 to 6 different experimental days to account
for any technical differences; the data in Figure 7A are displayed
without error bars for the sake of clarity (the same data with stan-
dard deviation error bars is presented in supplemental Figure 5A).

Figure 5 (continued) this oxidative burst, oxygen is consumed generating ROS including superoxide (O, ™) (measured by the Cytochrome C assay) and hydrogen peroxide

(H20,) (measured by the H,DCF assay). The mitochondria are also an important source of ROS, in particular, O, (measured by the MitoSOX reagent). (B) The oxygen

consumption rate (OCR) was measured within the XF Neutrophil Activation Assay. Cells were stimulated with PMA, 100 ng/mL and OCR monitored over 240 minutes. This

experiment was performed twice. (C) WT and TAFAZZIN-KO neutrophils were stimulated with PMA, fMLP, or RGD and the production of superoxide monitored over 60

minutes. The total superoxide (area under the curve) is displayed. This experiment was performed 3 times. (D) WT and TAFAZZIN-KO neutrophils were stimulated with PMA,

fMLP, or RGD; the conversion of H,DCF to its fluorescent product was quantified by flow cytometry and displayed as mean fluorescence intensity (MFI). Unstimulated cells

are displayed as a negative control. This experiment was performed 3 times. (E) Mitochondrial ROS was quantified by MitoSOX staining and flow cytometry in both GMPs

and mature neutrophils. Data are displayed the MFI normalized to the WT clones. This experiment was performed twice (GMP) and once (neutrophils). Error bars indicate

the mean = SD. t tests were performed. NS, not statistically significant.
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Figure 7. TAFAZZIN deficient myeloid progenitors are more sensitive to apoptosis and ER stress signals. (A) Viability was assessed in vitro (CellTiter Glo) at 24
hours after exposure to ABT199, AMG176, or Thapsigargin. This assay was performed on >5 different days with multiple clones; the total N is displayed on each graph. The
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transplanted and reconstituted with WT or TAFAZZIN-KO fetal liver hematopoietic cells as described in Figure 2A. CHOP expression was quantified as mean fluorescence
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To validate the findings of our ER-Hoxb8 GMPs, primary fetal liver
hematopoietic cells from the litters of 3 timed pregnancies were
also exposed to ABT199 and viability assayed at 24 hours. Consis-
tent with the data in the ER-Hoxb8 cell lines, the primary fetal liver
TAFAZZIN-KO cells also demonstrated a significantly increased
sensitivity to apoptosis (supplemental Figure 5B).

TAFAZZIN-deficient neutrophils are more sensitive
to ER stress in vivo

Recognizing the limitations of in vitro assays, we wished to assess
the sensitivity of mature neutrophils to ER stress in vivo. We took
advantage of our system of fetal liver transplantation (Figure 2A) to
reconstitute adult mice with a TAFAZZIN-deficient hematopoietic
compartment. This experiment was performed twice. In the first itera-
tion, mice were exposed to a single dose of thapsigargin delivered
by intraperitoneal injection, and the protein expression of CHOP in
peripheral blood neutrophils was assayed by intracellular antibody
staining 3 hours after injection (Figure 7B; gating strategy shown in
supplemental Figure 5C). The increase in CHOP expression was
more pronounced in TAFAZZIN-deficient neutrophils, suggesting an
increased propensity toward apoptosis following a trigger of ER
stress.

In the second experiment, the protein expression of an expanded
number of ER stress markers was evaluated (Figure 7C). Consistent
with the first experiment, the TAFAZZIN-deficient neutrophils again
appeared to have an increased propensity to undergo apoptosis fol-
lowing treatment with thapsigargin, as evidenced by the increased
expression of CHOP in addition to ATF4, ATF6, and BiP. In this
second experiment, the lack of difference within the lymphoid popu-
lation of peripheral blood cells was highly suggestive that this pro-
pensity toward apoptosis was limited to cells of the myeloid
compartment.

Together, these data suggest that the loss of TAFAZZIN expression
results in increased sensitivity to ER stress-induced apoptosis both
in myeloid progenitors when assayed in vitro and in mature circulat-
ing neutrophils in vivo.

Discussion

In this study, we took advantage of a TAFAZZIN-KO mouse and
combined in vivo studies with in vitro studies using the ER-Hoxb8
system of conditional immortalization to assess the effect of TAFAZ-
ZIN deficiency on myeloid progenitors and mature neutrophils. The
strengths of our study include the analysis of embryonic hematopoi-
etic development in parallel with the analysis of adult hematopoiesis
using a transplantation model. Furthermore, we were successful in
the generation of ER-Hoxb8 GMPs from both WT and TAFAZZIN-
KO fetal liver cells, providing an inexhaustible source of progenitors
and mature neutrophils for mechanistic studies, and a useful and
practical reagent for the field. Where possible, data generated in
the context of the ER-Hoxb8 model system were validated using pri-
mary cells, though the paucity of cells (in most cases available from
the embryonic fetal liver) made this challenging and spoke to the
practical advantage of the ER-Hoxb8 lines.

The neutropenia of BTHS can be pleiotropic, with almost 90% of
patients affected to some degree, though individual patients can
have periods of neutropenia alternating with normal neutrophil
counts.®*' The molecular basis of the neutropenia has been elusive
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and difficult to replicate in model systems.'® The original description
of BHTS reported histologic and electron microscopic analyses of
patient bone marrow and concluded that “a maturation arrest was
observed at the myelocyte stage ... myeloblasts, promyelocytes and
myelocytes had abnormal mitochondria.”' Functional studies of
patient neutrophils, including phagocytosis, oxygen consumption,
and chemotaxis were normal.' Later, neutrophils isolated from
patients demonstrated increased Annexin-V binding in vitro in the
absence of other markers of apoptosis.'® In these patients, colony
formation  (colony-forming unit granulocyte-macrophage) from
peripheral blood mononuclear cells in methylcellulose media demon-
strated the same number of colonies as controls, arguing against a
developmental defect.'®

Another group used shRNA-mediated knockdown of TAFAZZIN in
human acute myeloid leukemia cells lines (eg, HL60 and U937) and
similarly demonstrated increased Annexin-V binding. This was
accompanied by changes in mitochondrial membrane potential as
well as leaking of mitochondrial cytochrome ¢, activation of
caspase-3, and increased apoptosis.'” These changes seemed
specific to the myeloid leukemia cell lines because TAFAZZIN
knockdown in lymphoid cell lines had minimal to no effect.'”

The first murine model of BTHS was based on a doxycycline-
inducible transgenic shRNA for the knockdown of TAFAZZIN.*243
Though the data were not shown, the authors reported neutropenia
in 50% of TAFAZZIN-KO animals (2 months old) as well as 20% of
WT control animals. However, they attributed this to the confound-
ing variable of doxycycline (administered to the mice via drinking
water or chow), which can decrease circulating neutrophil numbers
in mice.**

In this historical context, our results are quite consistent with
what has been published. We were expecting a more dramatic
functional phenotype under the hypothesis that our system was
one of complete lack of TAFAZZIN activity (from the murine
genetic KO) rather than a knock-down (shRNA) or potential low-
level residual TAFAZZIN activity (eg, hypomorphic mutation) that
can be seen in patient samples. The lack of deficit does not
appear to be due to a compensatory mechanism, in the sense
that there are striking differences in the cardiolipin content and
makeup of WT and TAFAZZIN-KO myeloid progenitors.

In our transplantation model, where TAFAZZIN-KO bone marrow
was transplanted into WT recipient mice, might the lack of in vivo
hematopoietic phenotype be due to the compensatory presence of
intact TAFAZZIN within the stromal and endothelial cells of the
bone marrow? This question is made more relevant by the observa-
tion that mitochondria can be transferred between hematopoietic
and bone marrow stromal cells, particularly in the context of leuke-
mia or other inflammatory settings.*>*” Cellto-cell mitochondrial
transfer has not been well-characterized in populations of normal
GMPs or mature neutrophils, so we suspect that this is less likely to
be a confounding variable in our system.

The lack of a functional deficit may be due to the observation that
mature neutrophils have relatively few mitochondria (on a per-cell
basis) and even those mitochondria are quite small*® (in comparison
with the very high number of large mitochondria seen in the cardiac
myocytes). Still, we were surprised that there did not appear to be a
difference in the production of ROS, which is felt to be dependent
on the efficient function of the mitochondrial electron transport chain
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complexes. Our mitochondrial supercomplex data, based on Blue
Native polyacrylamide gel electrophoresis, did not show any obvious
changes in supercomplex assembly in the absence of TAFAZZIN.
Our transmission electron micrographs of TAFAZZIN-deficient neu-
trophils demonstrated the known ultrastructural differences as well
as a previously undescribed tendency of the rough ER to completely
encircle the TAFAZZIN-deficient mitochondria.

Neutrophil mitochondria have been reported to play a limited role in
supporting ATP production, but a more important role in apoptosis
and cell death.*® These findings led us to investigate the sensitivity
to apoptosis in cells lacking TAFAZZIN. We demonstrated that the
lack of TAFAZZIN leads to an increased sensitivity to BCL2 inhibi-
tion and to ER stress triggered by the chemical thapsigargin. The
variable presentation of neutropenia in patients with BTHS s likely
due to the pleiotropic effects of other modifying genes, possibly
from the variability of residual TAFAZZIN enzyme activity, and cer-
tainly influenced by the nuanced differences in how patients
respond to periods of stress. It is not clear how environmental, nutri-
tional, or infectious stresses may be affecting the pool of circulating
neutrophils in certain patients with BTHS and may be contributing
to susceptibility to apoptosis and therefore to neutropenia.

The link between TAFAZZIN deficiency and increased sensitivity to
the ER stress-induced apoptosis is unknown. The communication
between ER and mitochondria and its role in regulating critical bio-
logical functions and apoptosis has been described*®®° and our
electron micrographs clearly demonstrate physical contact between
these organelles. The ER-mitochondrial contacts allow for the trans-
port of metabolites, such as lipids, between the ER and mitochon-
dria. In fact, cardiolipin is synthesized from phosphatidyl acid that is
transported from the ER to the mitochondrial inner membrane.®" It
is possible that the depletion of CL or the accumulation of monoly-
socardiolipin that results from TAFAZZIN deficiency may disrupt the
normal lipid crosstalk between the ER and mitochondria, leading to
an accumulation of undesired lipid species in the ER. Dysregulation
of lipid metabolism is known to activate the ER stress and apoptotic
signaling pathways,52 pointing toward a potential mechanism to
explain why TAFAZZIN deficiency results in an increased sensitivity
to apoptosis.

Patients with BTHS and neutropenia are typically treated with gran-
ulocyte colony-stimulating factor (G-CSF) to boost their circulating
neutrophil count, with most patients responding to G-CSF ther-
apy.*' G-CSF is known to inhibit neutrophil apoptosis in vitro and
in vivo.?®®* Overall, the clinical response to G-CSF in patients with
BTHS, possibly counteracting a predisposition toward apoptosis, is
thus consistent with our model data.

We hope that these studies, and the generation of ER-Hoxb8 mye-
loid progenitors, will set the foundation for further mechanistic stud-
ies and help point toward therapeutic strategies to address BTHS
neutropenia. Although this is a very rare disease, these model sys-
tems will also be useful in addressing fundamental questions of how
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loss of TAFAZZIN and changes in mitochondrial-specific cardiolipin
composition impact myeloid development, function, and survival,
possibly linked to other subcellular systems including protein traffick-
ing through the endoplasmic reticulum.
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