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ABSTRACT

Background
Shwachman-Diamond syndrome is an autosomal recessive disorder in which severe bone mar-
row dysfunction causes neutropenia and an increased risk of leukemia. Recently, novel particulate
cytoplasmic structures, rich in ubiquitinated and proteasomal proteins, have been detected in
epithelial cells and neutrophils from patients with Helicobacter pylori gastritis and several epithelial
neoplasms.

Design and Methods

Blood neutrophils from 13 cases of Shwachman-Diamond syndrome — ten with and three with-
out SBDS gene mutation — and ten controls were investigated by confocal microscopy and ultra-
structural immunocytochemistry using antibodies against ubiquitinated proteins, proteasomes,
p62 protein, and Helicobacter pylori VacA, urease and outer membrane proteins.

Results

Many extensively disseminated particulate cytoplasmic structures, accounting for 22.78+5.57 %
(mean + standard deviation) of the total cytoplasm, were found in blood neutrophils from mutat-
ed Shwachman-Diamond syndrome patients. The particulate cytoplasmic structures showed
immunoreactivity for polyubiquitinated proteins and proteasomes, but no reactivity for
Helicobacter pylori products, which are present in particulate cytoplasmic structures of Helicobacter
pylori-positive gastritis. Neutrophils from patients with Shwachman-Diamond syndrome fre-
quently showed p62-positive autophagic vacuoles and apoptotic changes in 5% of cells. No par-
ticulate cytoplasmic structures were observed in most control neutrophils; however, in a few cells
from two cases we noted focal development of minute particulate cytoplasmic structures,
accounting for 0.74+0.56% of the total cytoplasm (P<0.001 versus particulate cytoplasmic struc-
tures from mutated Shwachman-Diamond syndrome patients). Neutrophils from non-mutated
Shwachman-Diamond-syndrome-like patients resembled controls in two cases, and a third case
showed particulate cytoplasmic structure patterns intermediate between those in controls and
those in mutated Shwachman-Diamond syndrome patients.

Conclusions

Particulate cytoplasmic structures are a prominent feature of neutrophils from patients with
Shwachman-Diamond syndrome. They may help us to understand the mechanism of granulo-
cyte dysfunction and the neoplastic risk of the disease.
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® Introduction

Shwachman-Diamond syndrome (SDS; OMIM 260400)
is an autosomal recessive disorder characterized by
exocrine pancreatic insufficiency, skeletal abnormalities
and bone marrow dysfunction, resulting in variable
degrees of neutropenia, thrombocytopenia and anemia,
and an increased risk of developing myelodysplastic syn-
drome and/or acute myeloid leukemia (MDS/AML). It is a
rare disorder with an estimated incidence of 1/76,000.!
Bone marrow failure is associated with reduced numbers
and abnormally accelerated apoptosis of hematopoietic
progenitor cells.?

Approximately 90% of the patients have a mutation in
the SBDS gene,’ coding for a multifunctional protein
implicated in ribosome biogenesis, as well as in DNA
metabolism and repair.*® Of special interest is the observa-
tion that the SBDS protein plays a role in cellular stress
responses. Indeed, SBDS depletion causes cellular hyper-
sensitivity to a variety of stress conditions, including endo-
plasmic reticulum stress and DNA damage, which ma
help explain the patients’ predisposition to MDS/AML.’ In
fact, SBDS protein deficiency leads to markedly increased
intracellular reactive oxygen species (ROS) in epithelial
Hela and myeloid TF1 cells, with accelerated apoptosis
and reduced cell growth, both of which are rescued by
antioxidants.” ROS are known to cause protein damage,
with intracellular accumulation of misfolded and partially
denatured proteins, which must be rapidly eliminated
through hyperfunction of the ubiquitin—proteasome sys-
tem (UPS) to preserve cell homeostasis and function.*
Failure of the UPS leads to accumulation, aggregation and
precipitation of ubiquitinated proteins to form aggresome-
like induced structures (ALIS; p62 protein-reactive
sequestosomes), autophagy activation and increased sen-
sitivity to apoptosis.”* Thus, investigation of SDS neu-
trophils for any sign of UPS change, inclusion body forma-
tion and autophagy or apoptosis might contribute to
explaining the pathogenesis of the disorder.

During ultrastructural investigations of endoscopic
biopsies from patients with Helicobacter pylori chronic gas-
tritis, in human foveolar cells, we found well-defined par-
ticulate cytoplasmic structures (PaCS) filled with barrel-
like particles, 13 nm thick and 15-40 nm long, which were
selectively reactive for polyubiquitinated proteins and pro-
teasomes, as well as for bacterial virulence products.” H.
pylori infection is known to cause markedly increased
intracellular ROS,"* which may enhance formation and

Table 1. Clinical, molecular and cellular findings in patients and controls.
With PaCS

N. of cases SDS Patients genotype Extensive’ Focal*
nvestigated diagnosis*

3 3 [.258+2T>C]/[c.183_184TA>CT] 3

2 2 [€.258+2T>C]/[c.258+2T>C] 2

4 4 [c258+2T>C]/[c.183_I84TASCT+ 258+2T>C] 4

1 1 [258+2T>C]/[c.92_93GC>AG] 1

3 3 No mutations 0 3
107 0 No mutations 0 2

*Based on neutropenia, pancreatic insufficiency and growth retardation, according to Kuijpers et
al.” “Involving all neutrophils and >15% of cell cytoplasm; *Involving a few neutrophils and <2%
of cell cytoplasm in affected cells, except one of the non-mutated SDS cases, which involved most
neutrophils and around 8% of their cytoplasm; 'Healthy controls.

N

ubiquitination of misfolded or partially degraded proteins,
leading to proteasome stimulation, especially at sites of
bacterial toxin concentration.” In preliminary investiga-
tions, PaCS were also found in some neutrophilic granulo-
cytes of H. pylori-infected mucosa (VN and ES, unpublished
data). This is of particular interest because bacterial viru-
lence factors such as lipopolysaccharide (LPS) are known
to induce ALIS/sequestosome formation with autophagy
activation in various cell lines,"""” and to trigger oxygen-
dependent apoptosis in human neutrophils.”

We, therefore, decided to investigate blood neutrophils
from SDS patients with known SBDS gene status for the
occurrence of ubiquitin—proteasome reactive PaCS, p62-
reactive sequestosomes and autophagic and apoptotic
changes.

Design and Methods

We investigated 13 patients — ten children (3-13 years old) and
three young adults (18-38 years old) — in whom a diagnosis of SDS
was suspected on the basis of clinical symptoms of pancreatic
insufficiency, growth retardation and neutropenia, as suggested by
Kuijpers et al;'° in addition, ten age-matched healthy controls
were studied (Table 1). Mutations of the SBDS gene were ana-
lyzed as previously described.” The presence of two of the com-
mon mutations ([c.258+2T>C], [c.183_184TA>CT],
[c.183_184TA>CT+ 258+2T>C]) was considered diagnostic for
SDS; when no or only one of the common mutations was found,
sequencing was extended to all exons of the gene. The study was
approved by the Ethics Committee of the University of Pavia and
written informed consent was obtained from each patient.

Blood samples were centrifuged at 75 x g for 5 min, and then
the upper layer, enriched in white blood cells, was transferred to a
new tube, washed twice in 0.9% NaCl buffer and re-centrifuged
to obtain a pellet. White blood cell pellets were fixed in 2.5% glu-
taraldehyde and 2% paraformaldehyde in cacodylate buffer for 4
h at 4°C, post-fixed in 1% osmium tetroxide for 1 h at room tem-
perature, washed in cacodylate buffer for 10 min, and embedded
in Epon-Araldite resin mixture. For light microscopy, semi-thin
sections (0.5-1 um) were stained with toluidine blue, and uranyl
acetate—lead citrate contrasted ultrathin sections (60 nm) were pre-
pared for transmission electron microscopy (TEM). Biopsies from
H. pylori-infected gastric mucosa available from a previous study'
served as controls.

For ultrastructural immunolocalization, we used the colloidal
gold technique, as previously reported.®'® Ultrathin sections col-
lected on 300 mesh nickel grids were pretreated with a saturated
water solution of sodium metaperiodate for 10 min, washed with
buffer A (0.45 M NaCl, 1% Triton X-100, and 0.05 M Tris-HCl,
pH 7.4), and incubated in non-immune goat serum at room tem-
perature for 1 h, to prevent non-specific binding of immunoglob-
ulins. The sections were then incubated at 4°C overnight with
antibodies directed against polyubiquitinated proteins (mouse
monoclonal, FK1 clone; Enzo Life Sciences International,
Plymouth Meeting, PA, USA); 20 S proteasome, aff or p5i
(immunoproteasome) subunits, and 19S proteasome, S2 subunit
(all rabbit polyclonal; Calbiochem, La Jolla, CA, USA); p62 protein
(rabbit polyclonal H-290; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); and H. pylori urease (UreA subunit; mouse monoclonal;
Austral Biological, San Ramon, CA, USA), VacA (rabbit polyclonal;
Austral Biological) or outer membrane proteins'® (rabbit polyclon-
al; Biomeda, Forster City, CA, USA) diluted in buffer B (0.45 M
NaCl, 1% bovine serum albumin, 0.5% sodium azide, and 0.05 M
Tris-HCl, pH 7.4). After washing in buffer B, primary
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immunoglobulin binding was revealed by appropriate gold-
labeled anti-mouse or anti-rabbit immunoglobulins (EM GAMM
15; British Biocell International, Cardiff, UK) diluted in buffer B.
The sections were stained with uranyl and lead and then analyzed
by TEM using a Jeol 1200 EX II microscope.®'® Morphometric
observations were carried out with the ITEM soft imaging system
(Olympus Soft Imaging Solutions GmbH, Munster, Germany).
Numerical data were expressed as means + standard deviation; the
statistical significance of the differences was evaluated by
Student’s ¢ test, or ANOVA followed by the Newman—Keuls’ Q
test, or linear regression analysis.

For confocal microscopy, 0.5-um sections from aldehyde—osmi-
um-fixed Epon—Araldite blocks were processed for immunofluo-
rescence with antibodies directed against 20S proteasome (rabbit
polyclonal PW 8155: Enzo Life Sciences International), mono- and
polyubiquitinated (FK2 clone) or polyubiquitinated only (FK1
clone) proteins (both mouse monoclonal; Enzo Life Sciences
International), and p62 protein (Santa Cruz Biotechnology), fol-
lowed by Alexa488-labeled anti-mouse or anti-rabbit antibodies as
appropriate. A TCS SP2 confocal laser scanning microscope (Leica,
Heidelberg, Germany) equipped with a 63x oil-immersion objec-
tive was used. For correlative confocal microscopy and TEM'**
the two faces of an ultrathin resin section collected on a 200-mesh
gilder finder grid (Electron Microscopy Sciences, Hatfield, PA,
USA) were processed separately. First, one face was immunos-
tained and viewed by confocal microscopy, as above, then the
reverse face of the section was processed for immunogold labeling
and observed by TEM after uranyl-lead staining. The resulting
confocal and TEM images of the same area were then overlapped
using Adobe Photoshop.

For sodium dodecylsulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting, peripheral blood collected in a
heparinized syringe was centrifuged on a Ficoll-Hypaque gradient
at 400 x g for 35 min. A granulocyte pellet was recovered, resus-
pended in 90% NH:Cl in phosphate-buffered saline (PBS), and
incubated on ice for 15 min to obtain complete lysis of residual red
blood cells. Cells were then rinsed with PBS and recovered at 690
g for 10 min.*’ Granulocyte purity >98% was obtained with this
protocol. The granulocyte pellet was then lysed with lysis buffer
(1.5 M Tris-HCI, pH 6.8, 8% SDS, and 40% glycerol) supplement-
ed with 20% 2-mercaptoethanol. Volumes equivalent to a total of
50,000 cells for healthy controls or SDS patients were subjected to
SDS-PAGE in 4-20% polyacrylamide gel. Proteins were then blot-
ted onto nitrocellulose membranes (Bio-Rad Laboratories,
Richmond, CA, USA) and the immunological analyses were per-
formed using antibodies directed against 20S proteasome (rabbit
polyclonal PW 8155; Enzo Life Sciences International), polyubig-
uitinated proteins (mouse monoclonal FK1 clone; Enzo Life
Sciences International), p62 protein (SQSTMI, rabbit polyclonal;
Santa Cruz Biotechnology), and f-actin (clone AC-74, mouse
monoclonal; Sigma-Aldrich, St Louis, MO, USA), followed by sec-
ondary anti-mouse or anti-rabbit horseradish-peroxidase-labeled
antibodies as appropriate.

For in vitro investigation of the role of ROS, purified human
granulocytes (5x10° cells/mL) were incubated at 37°C for 5 h in
RPMI cell culture medium, not supplemented with fetal calf
serum, in the absence or presence of a ROS generating system, as
described previously™ (i.e. 50 mU/mL xanthine oxidase plus 1 mM
xanthine; both from Sigma-Aldrich). After incubation, cells were
processed for TEM or SDS-PAGE as described above.

Results

SBDS gene analysis was carried out in 13 patients with

neutropenia, pancreatic insufficiency and growth retarda-
tion, the characteristic clinical signs of SDS." Ten patients
showed the common mutations of the disease, one of
whom also showed a rare mutation [c.92_93GC>AG], as
detailed in Table 1.

PaCS filled with barrel-like particles, 13 nm thick and
15-40 nm long, were found by TEM to be extensively dis-
tributed throughout the cytoplasm in all blood neutrophils
taken from the 10 SDS patients with SBDS gene muta-
tions (Figure 1A). High-resolution analysis of the PaCS
particles showed a regularly arranged, aligned, punctuate
substructure like that found in H. pylori-infected gastric
epithelium.” In 30 representative cells (three from each
case), the PaCS had a mean diameter of 373+116 nm and
accounted for 22.78+£5.57% (range, 16.04x£1.54 to
27.12+2.05%) of the total cytoplasmic area. No PaCS
were seen in erythrocytes, lymphocytes, monocytes,
eosinophils or basophils.

In healthy control neutrophils, minute, clear “areolae”
(112439 nm in diameter, P<0.001 versus PaCS of neu-
trophils from mutated SDS cases) with poorly defined
contents were seen scattered in the cytoplasm (Figure 1B).
No particle-rich PaCS were detected in 125 of 127 neu-
trophils analyzed (10-15 for each case) from the ten
healthy controls during systematic TEM analysis.
However, in two neutrophils from two separate control
cases, focal development of small PaCS with their usual
particulate content was observed (Figure 1C). Further
analysis of an additional 40 neutrophils from the same
two cases yielded three more such cells, giving a total of
five out of 64 (8%) investigated from the two patients.
Their PaCS had a mean diameter of 159.35+77.66 nm and
accounted for 0.74+0.56% of the total cytoplasmic area
(P<0.001 versus mutated SDS PaCS).

Cytochemical tests for polyubiquitinated proteins using
the FK1 antibody showed a high concentration of
immunogold particles inside the PaCS in mutated SDS
neutrophils, with only a sparse distribution in non-PaCS
cytoplasm; intermediate concentrations were seen in the
PaCS-free cytoplasm of control neutrophils (Table 2 and
Figure 1A and B). Mitochondria, endoplasmic reticulum
cisternae and secretory granules remained unreactive. The
total, PaCS-inclusive, cytoplasmic concentration of FK1
reactivity in SDS neutrophils increased by about 100%
compared to that in the cytoplasm of control cells. In
mutated SDS neutrophils, we also found a selective PaCS
concentration of 20S, 20S B5i and 19S proteasome
immunoreactivities, although less intense than that of
ubiquitinated proteins. Proteasome reactivities were
scarce (<1 gold particle/um’ cytoplasm) and scattered in
the PaCS-free cytoplasm of control neutrophils (Figure 1A
and B), whereas their total cytoplasm concentration
increased substantially in SDS neutrophils (by 150-200%)
(Table 2). Immunoblotting analyses on whole cell lysates
confirmed an increase in both 20S proteasome and FK1
reactive polyubiquitinated proteins in SDS neutrophils
from patients with SBDS gene mutations, compared to
control cells (Online Supplementary Figure S1).

In two of the three SDS-like cases lacking mutations,
blood neutrophils resembled those of healthy controls in
showing either no or only small focal PaCS development
(Figure 1D). In the third case, larger and polarized PaCS
were observed in most cells (Figure 1E), accounting for
7.97+3.29% of total cell cytoplasm.

Under confocal microscopy, many intensely fluorescent
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cytoplasmic spots were detected in granulocytes from
patients with mutated SBDS tested with FK2, FK1 or 20S
proteasome antibodies (Figure 2A). Correlative, confocal
immunofluorescence/immunogold electron microscopy,
allowed us to overlap and compare directly light and elec-
tron microscopy findings on the same cell section using
the same or different antibodies, thus confirming the PaCS
localization of most of such immunoreactivity in mutated
SDS neutrophils (Figure 2A). We did not identify mem-
brane-free p62-reactive fibrillary/amorphous cytoplasmic
bodies (sequestosomes, ALIS) of the type induced in vari-
ous cell lines by stressful conditions (e.g. oxidative stress,
LPS, or puromycin).*"

In SDS neutrophils from mutated patients, we frequent-
ly observed membrane-delimited p62-reactive vesicles,
some of which were formed by a double membrane
enclosing degenerating cytoplasmic organelles and lyso-
some-like dense bodies, thus closely resembling autophag-
ic vesicles (Figure 2B and C). Immunoblotting analysis of
whole cell lysates showed increased p62 protein in mutat-
ed SDS compared to control granulocytes (Online

N

Supplementary Figure S1). As a rule, the autophagic vesicles
remained physically separated from the PaCS, which were
p62-unreactive; direct contact between the two structures,
occasionally with apparent discharge of PaCS contents
into the vesicle, was observed only rarely (Figure 2B).
Light microscopy of toluidine-blue-stained semithin
resin sections showed round, dense pyknotic nuclei sug-
gestive of apoptosis in 3-8% of neutrophils from mutated
SDS cases, and in 0-1% of those from control or non-
mutated SDS-like cases. In accordance with the available
literature,”” TEM of consecutive ultrathin sections
allowed us to confirm the apoptotic nature of most of such
cells from seven patients with mutated SDS from whom
enough material remained for extensive ultrastructural
investigation. The more prominent and distinctive fea-
tures included chromatin compaction, often forming
dense crescents abutting the inner nuclear membrane, or
round, target-like bodies surrounded by residual kary-
oplasm, with or without nuclear membrane retention
(Figure 2D-F). Membrane-delimited cytoplasmic vesicles,
a possible remnant of autophagic vesicles, were frequently

Figure 1. (A) Electron microscopy
(4,000x) of blood neutrophils from
an SDS patient with SBDS gene
mutation showing several PaCS
scattered in the cytoplasm. The
boxed area is enlarged in al
(20,000x) to show PaCS-concen-
trated FK1 immunogold reactivity
for polyubiquitinated proteins. In
the inset (a2, 200,000x) from the
same specimen as al, the finely
punctuate ultrastructure and bar-
rel-like morphology of PaCS are
shown at high resolution.
Preferential PaCS reactivity of 20S
(a3, 25,000x) and 19S (a4,
14,000x) proteasome antibodies
is also seen. Black asterisk: PaCS;
g: secretory granule. (B) PaCS-free
control neutrophil (4,000x)
enlarged in b1l (12,000x) to show
thin areolae (white arrows) with
preferential FK1 immunoreactivity.
Scarce 20S proteasome
immunoreactivity is seen in anoth-
er section of the same control cell,
with scattered areolae (b2,
12,000x). (C) Control neutrophil
with focal development of small
PaCS (boxed in C; 3,000x)
enlarged in c1 (10,000x) and c2
(40,000x), with PaCS-concentrat-
ed FK1 immunogold. White aster-
isk: ribosomes. (D) One of the few
neutrophils from an SDS-like syn-
drome without SBDS gene muta-
tion showing PaCS. Note focal
development of small PaCSs,
boxed in D (6,000x) and enlarged
in d1 (35,000x) to recognize their
particulate substructure and FK1
immunoreactivity. (E, 3,000x) A
representative neutrophil from
another SDS-like case shows on
the left large, polarized PaCS, one
of which is enlarged in el
(30,000x) to illustrate its barrel-
like particles and FK1 immunore-
activity; note PaCS-free cytoplasm
on the right.
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found in such cells, whose cytoplasm was usually dense
and homogeneous, often in the absence of recognizable
organelles or PaCS, and with sharply reduced UPS
immunoreactivity. Intermediate patterns showing a
frankly apoptotic nucleus coexisting with partly preserved
cytoplasmic structures and immunoreactivities were also
seen in some mutated SDS neutrophils (Figure 2D d1).
When blood neutrophils from healthy subjects were incu-
bated with the ROS-generating xanthine/xanthine oxidase
system, we found a large increase of apoptotic features
compared with those incubated with culture medium only
(Online Supplementary Figure S2). However, neither PaCS
nor sequestosomes were a consistent finding in such ROS-
exposed cells.

In a parallel investigation of H.pylori-infected gastric
mucosa, extensive PaCS were found in neutrophilic gran-
ulocytes, but not in lymphocytes, macrophages or fibrob-
lasts of the inflamed lamina propria (Figure 2G). Similarly
to PaCS in epithelial cells of the same biopsies, PaCS of
gastric mucosal neutrophils showed prominent reactivity
for H. pylori products such as VacA, urease (Figure 2G gl)
and outer membrane proteins, which, on the contrary,
lacked reactivity on PaCS of blood SDS neutrophils.
Interestingly, in both neutrophils and epithelial cells,
PaCSs of H. pylori-infected gastric mucosa, the concentra-
tion of proteasome immunogold (63.23+25.30 particles for
20S in epithelial PaCSs) was of the same order as that of
FK1-reactive polyubiquitinated proteins (56.46+10.27 in
consecutive sections of the same PaCS). This can be com-
pared with a much lower (P<0.001) FK1/20S or FK1/20Sp1
ratio in PaCS of SDS blood neutrophils (Table 2), even
when both gastric biopsies and blood neutrophils were
tested simultaneously using the same procedures and
reagents.

Discussion

In blood neutrophils from SDS patients with SBDS gene
mutations, we showed the presence of extensive PaCS,
that is, cytoplasmic structures characterized by barrel-like
particles resembling, both in size and in high-resolution
ultrastructure, those of the proteasome unit."” In SDS neu-
trophils, PaCS were found to resemble closely the mor-
phology and UPS reactivity of those first observed in gas-
tric epithelium, and here described in neutrophils from H.
pylori-infected gastric mucosa. H. pylori-dependent PaCS
were believed to result from focal UPS overstimulation at
sites of accumulation of bacterial products, either as an
attempt to degrade them or in response to infection-elicit-

ed cellular stress. Indeed, H. pylori virulence factors such as
VacA, urease and outer membrane proteins were found to
be selectively concentrated inside PaCS of H. pylori-infect-
ed gastric mucosa, both in epithelial cells® and in neu-
trophils (this investigation). However, no evidence of H.
pylori infection was seen in blood SDS neutrophils and no
H. pylori products were detected in their PaCS, which also
differed from gastric mucosa PaCS with regard to their
lower concentration of proteasomes compared to poly-
ubiquitinated proteins. Proteasomes and polyubiquitinat-
ed proteins were both increased quantitatively in SDS
compared to in control neutrophils, and were selectively
concentrated in the PaCS. This has already been seen in
both H. pylori-infected mucosa cells and in a variety of,
mostly H. pylori-unrelated, epithelial neoplasms.’*"

SBDS gene mutations of the type commonly reported in
patients with SDS*” were found in ten of the 13 cases
investigated in the present study. Such mutations are
known to result in severe loss of the corresponding pro-
tein,** whereas SBDS protein deficiency in epithelial and
myeloid cell lines has been shown to increase ROS levels,
leading to decreased cell growth and accelerated apopto-
sis, which are rescued by antioxidants.® Thus, it seems
likely that mutation-induced SBDS protein deprivation
causes neutropenia in SDS patients, possibly through
oxidative-stress-induced apoptosis.>*® Indeed, more apop-
totic figures were observed in mutated SDS neutrophils
and in control neutrophils treated with the ROS-generat-
ing xanthine/xanthine oxidase system than in untreated
control neutrophils. In addition, the high concentration of
polyubiquitinated proteins that we found in PaCS of SDS
neutrophils, in apparent excess of their proteasome con-
tent, suggests a relative insufficiency of proteasome
degradative function as a probable cause of disproportion-
ate accumulation of polyubiquitinated proteins which, in
turn, may activate autophagy and apoptosis.’”' The
known role of SBDS protein in ribosome biogenesis and
translation activation,*” coupled with the free ribosomal
origin of proteasomal proteins™ and the translational burst
usually associated with the formation of ubiquitinated
protein aggregates,'* may also support the hypothesis of a
ribosome-dependent insufficient proteasome response in
SBDS-deprived SDS neutrophils.

The considerable amount of polyubiquinated proteins
found scattered in the cytoplasm of control neutrophils, in
the absence of or with very scarce PaCS, sometimes with
preferential distribution in minute clear areas (areolae) of
amorphous to poorly structured content, is noteworthy:.
Our ultrastructural findings suggest that the areolae may
work as a starting point for PaCS formation when most of

Table 2. Cellular distribution of polyubiquitinated proteins, the proteasome and immunoproteasome in five SDS patients with SBDS gene muta-
tions, and five age-matched controls.

Gold particles /um? Ratios
SDS Control PaCS/non-PaCS SDS/ control
in SDS (total cytoplasm)

non-PaC$S total total

cytoplasm cytoplasm cytoplasm
Polyubiquitinated proteins (FK1)144.66+24.01* 6.32+1.33 43.76+3.49% 21.68+4.66 22.89 2.02
Proteasome (205) 14.10+4.59* 0.97+0.70 3.52+2.00 1.38+0.22 14.54 2.55
Immunoproteasome (20SB5i)  9.55+4.07* 0.76+0.29 2.56+1.26° 0.83+0.14 12.57 3.08

*P<0.001 vs. non-PaCS cytoplasm; #P<0.001 vs. control; °P<0.05 vs. control.
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the ubiquitinated proteins apparently shift from the
cytosol to developing PaCS, where the proteasomes also
concentrate and barrel-like particles appear. The origin
and functional role of the high content of polyubiquitinat-
ed proteins in healthy human circulating neutrophils (a
novel finding to the best of our knowledge) remains unex-
plained. It may be recalled that blood neutrophils are
short-lived cells whose programmed death by apoptosis,
central to their homeostasis as well as to the resolution of
inflammation, is known to involve special ROS-dependent
mechanisms."**”

Unequivocal ultrastructural signs of apoptosis™” were a
prominent finding in a limited fraction of circulating neu-
trophils from SDS patients, but not in those from healthy
controls. Accelerated apoptosis, both Fas-dependent and -
independent, has already been documented in bone mar-
row cells and suggested to be a crucial cause of SDS
patients’ neutropenia,” a major clinical sign of the disease.
Autophagy-related programmed cell death has also been
proposed to occur in neutrophils,® which may fit with the

21,22

p62-positive autophagic vesicles that we observed in well-
preserved, PaCS-positive neutrophils, as well as with the
frequent membrane-delimited vacuoles that we found in
the cytoplasm of otherwise classically apoptotic cells.
Despite these associations and the known regulatory role
of the UPS on several crucial factors of the apoptotic
process,” at present, there is no direct evidence for a role of
PaCS in accelerated SDS neutrophil apoptosis. In particular,
no PaCS development was seen in granulocytes in the pres-
ence of ROS-generating treatment that caused apoptosis.
Direct ultrastructural and correlative confocal/TEM
analysis proved that, in most SDS neutrophils, polyubig-
uitinated protein spots corresponded essentially to protea-
some-positive, p62-negative PaCS. In particular, no p62-
reactive, free cytoplasmic bodies resembling ALIS or
sequestosomes of the type found i vitro in macrophages
or epithelial cells under various stress conditions,"*** have
been consistently detected in our preparations. This
underlines a distinct cellular biology of PaCS compared to
ALIS/sequestosomes, two structures that also differ in

Figure 2. Correlative confocal and
electron microscopy of PaCS in
SDS neutrophils. (A, 3,000x)
Confocal microscopy of an SDS
neutrophil immunostained with
FK2 antibody against ubiquitinat-
ed proteins. Note intensely
immunofluorescent areas which,
when projected on a TEM micro-
graph at the same enlargement
(A1, 3,000x), show substantial
overlapping with PaCS (A2,
3,000x) as confirmed by the
intense FK1 immunogold reactivity
at higher enlargement (a3,
20,000x). (A4, 3,000x) 20S pro-
teasome immunofluorescence of
cytoplasmic areas in another neu-
trophil from the same SDS patient.
(B and C) Autophagic vacuoles and
PaCS in SDS neutrophils. Note in B
(10,000x) the FK1 reactivity of
PaCS, one of which (arrowhead) is
apparently discharging its content
into the vacuole, and in C (3,000x;
enlarged in c1, 20,000x), the p62
reactivity of the vacuole and cyto-
plasm with, however, no reactivity
of PaCS. (D-F, 3,000x) Three apop-
totic neutrophils with typical chro-
matin condensation and segrega-
tion (target-type in E and crescen-
tic in F) from SDS patients with
SBDS gene mutations. In D,
enlarged in d1 (10,000x), cytoplas-
mic homogenization with disap-
pearance of organelles structure
can be seen, whereas in E,
enlarged in el (10,000x), secreto-
ry granules and some FK1
immunoreactivity are still recogniz-
able. Note cytoplasmic vacuoles
(of autophagic origin?) in all apop-
totic cells. (G, 2,500x)
Intraepithelial neutrophil in a gas-
tric biopsy specimen from a
patient with H. pylori gastritis,
enlarged in g1 (36,000x) to show
several PaCS intensely reactive for
H. pylori urease. ep: epithelial cell;
bm: basal membrane; sg: secreto-
ry granules; arrowheads: ribo-
somes.




their high-resolution ultrastructure and cytochemistry.

The few patients showing SDS-like disease in the
absence of SBDS gene mutation form a subgroup whose
genetic background remains to be clarified.”* The poor or

13,19

reduced PaCS development that we observed in blood
neutrophils from three such patients discloses some differ-

ences in cell biology compared to that in their mutated

counterparts, and outlines the need for further molecular

and cellular investigation to characterize them positively
as a distinct clinicopathological entity.

In conclusion, extensive development of UPS-rich PaCS is
a prominent, novel finding in neutrophils from SDS patients
carrying SBDS gene mutations, which may offer a new
opportunity to investigate cellular mechanisms underlying
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