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ABSTRACT

Platelets mediate central aspects of host responses during sepsis, an acute profoundly systemic
inflammatory response due to infection. Macroautophagy/autophagy, which mediates critical
aspects of cellular responses during inflammatory conditions, is known to be a functional cellular
process in anucleate platelets, and is essential for normal platelet functions. Nevertheless, how
sepsis may alter autophagy in platelets has never been established. Using platelets isolated from
septic patients and matched healthy controls, we show that during clinical sepsis, the number of
autophagosomes is increased in platelets, most likely due to an accumulation of autophago-
somes, some containing mitochondria and indicative of mitophagy. Therefore, autophagy induc-
tion or early-stage autophagosome formation (as compared to decreased later-stage
autophagosome maturation or autophagosome-late endosome/lysosome fusion) is normal or
increased. This was consistent with decreased fusion of autophagosomes with lysosomes in
platelets. EPG5 (ectopic P-granules autophagy protein 5 homolog), a protein essential for normal
autophagy, expression did increase, while protein-protein interactions between EPG5 and
MAP1LC3/LC3 (which orchestrate the fusion of autophagosomes and lysosomes) were signifi-
cantly reduced in platelets during sepsis. Furthermore, data from a megakaryocyte model
demonstrate the importance of TLR4 (toll like receptor 4), LPS-dependent signaling for regulating
this mechanism. Similar phenotypes were also observed in platelets isolated from a patient with
Vici syndrome: an inherited condition caused by a naturally occurring, loss-of-function mutation
in EPG5. Together, we provide evidence that autophagic functions are aberrant in platelets
during sepsis, due in part to reduced EPG5-LC3 interactions, regulated by TLR4 engagement,
and the resultant accumulation of autophagosomes.

Abbreviations: ACTB: beta actin; CLP: cecal ligation and puncture; Co-IP: co-immunoprecipitation;
DAP: death associated protein; DMSO: dimethyl sulfoxide; EPG5: ectopic P-granules autophagy
protein 5 homolog; ECL: enhanced chemiluminescence; HBSS: Hanks’ balanced salt solution; HRP:
horseradish peroxidase; ICU: intensive care unit; LPS: lipopolysaccharide; LAMP1: lysosomal asso-
ciated membrane protein 1; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MTOR:
mechanistic target of rapamycin kinase; MKs: megakaryocytes; PFA: paraformaldehyde; PBS: phos-
phate-buffered saline; PLA: proximity ligation assay; pRT-PCR: quantitative real-time polymerase chain
reaction; RT: room temperature; SQSTM1/p62: sequestosome 1; SDS-PAGE: sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; TLR4: toll like receptor 4; TEM: transmission electron microscopy;
WGA: wheat germ agglutinin.
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Introduction dysfunction, cellular metabolic reprogramming, and thrombosis

Sepsis is a common, and often morbid, syndrome characterized
by systemic inflammation and dysregulated immune responses
triggered by invading pathogens or toxins produced by patho-
gens, as well as injurious agonists generated by the host. In cases
of severe sepsis, intravascular hypotension and organ dysfunc-
tion are common [1]. Adverse clinical outcomes during sepsis
are also driven by endothelial and micro- and macro-vascular

[1]. During the course of sepsis, pro- and anti-inflammatory
mediators are generated [2] and effector cells are activated
[3,4]. Despite sustained efforts, sepsis continues to cause signifi-
cant mortality and morbidity worldwide. Even after surviving
sepsis, patients are at increased long-term risk of myocardial
infarction and venous thromboembolic disease [5-7]. Recent
therapeutic interventions have largely been unsuccessful in
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improving outcomes from sepsis and there is a critical need to
better understand how sepsis alters cellular functions, to guide
the rational development of new treatments for sepsis.

In eukaryotic cells, autophagy is a process allowing the
breakdown of intracellular cargo larger than single proteins.
Autophagy is also a primary mechanism for replenishing the
pool of biosynthetic precursors and energy sources, by recy-
cling cytosolic contents during starvation [8]. Autophagy can
be a nonselective (i.e. bulk) or a selective process, and allows
for the recycling of harmful or unneeded cellular material,
including damaged mitochondria, protein aggregates, excess
ribosomes, lipid droplets, or intracellular pathogens [9,10]. To
initiate autophagy, membrane remodeling, crescent-shaped
phagophore formation, and subsequent building of the dou-
ble-membrane autophagosome is required (reviewed in [11]).
Autophagosomes fuse with the lysosomes and vacuoles, allow-
ing for the degradation of sequestrated materials and orga-
nelles [12].

A number of proteins critically mediate distinct phases of
the multi-step autophagy process and autophagosome forma-
tion [13]. One of these is EPG5 (ectopic P-granules autophagy
protein 5 homolog). In 2016, Wang and colleagues discovered
that EPGS5 is recruited to late endosomes and lysosomes by
RAB7 [14]. Late endosomes and lysosomes are subsequently
tethered to autophagosomes by EPG5-LC3 interactions, which
then lead to the maturation of autolysosomes [14]. Loss-of-
function mutations in, or the deficiency of, EPG5 results in
the formation of non-degradative vesicles. This phenotype is
observed in Vici syndrome [OMIM242840] [15,16]. Vici syn-
drome is a rare (~78 patients are known in the literature [17]),
severe (multisystem dysfunction with median survival time of
24 months), recessively inherited congenital disorder due to
loss-of-function mutations in EPG5 [15]. EPG5 is a key reg-
ulator of autophagosome maturation. The impairment or
inhibition of autophagosome fusion with endosomes may
result in the accumulation of non-degradative autophago-
somes or autolysosomes [18].

Autophagy is an integral part of host responses to sepsis
[19]. For example, the formation, maturation, and degrada-
tion of autophagosome contents counteracts microbial

Table 1. Clinical features in patient with Vici-syndrome.
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invasion by aiding in the active elimination of intracellular
bacteria and viruses, supports antigen presentation, and
removes damaged protein complexes or organelles to main-
tain homeostasis in the infected organism [20]. Autophagy
may serve a protective role in sepsis by preserving mitochon-
drial integrity and reducing apoptotic cell death [20,21]. In
experimental animal models of sepsis, tissue autophagic activ-
ity was increased during the initial phases of sepsis [21-23].
However, studies focusing on the kinetics of autophagy in
sepsis in liver tissue demonstrated a decline in autophagic
activity and late-stage inhibition several hours into the induc-
tion of sepsis [21,23,24]. Autophagy has also been a therapeu-
tic target in sepsis, in efforts to restore dysregulated immune
reactions (reviewed in [25]). Overexpression of LC3 in a cecal
ligation and puncture (CLP)-induced sepsis mouse model did
increase the autophagosome clearance and the overall survival
[26]. In addition, restoration of autophagic flux using rapa-
mycin in a CLP mouse model did result in cardiac protection
and preserved cardiac performance [27].

Platelet aggregation and the formation of heterotypic pla-
telet-leukocyte aggregates in septic patients is associated with
increased morbidity and mortality [28-30]. However, the
direct impact of platelets in the pathobiology of sepsis remains
incompletely understood. Due to their high number in the
circulation, platelets are often one of the first blood cells to
encounter circulating pathogens. Platelets are increasingly
appreciated for their roles in host immune responses, includ-
ing surveilling for, recognizing, and containing invading bac-
terial pathogens [31-35]. Recent studies from our laboratory
revealed that megakaryocytes, the platelet progenitor cell,
possesses endogenous anti-viral immune functions through
the signal-dependent synthesis and release of immunomodu-
latory cytokines [36,37].

In 2014, Feng and colleagues demonstrated that the auto-
phagic machinery is constitutively expressed in human plate-
lets, and that autophagy is required for fundamental platelet
functions [38]. In subsequent studies, it was demonstrated
that reduced or abolished autophagy altered megakaryopoiesis
and platelet formation [39,40]. Furthermore, using a murine
model where ATG7 (autophagy related 7), an autophagy

Sex male

Birthweight 3415¢g

Status died at 7 months

Developmental Delay +

Hypotonia +

Hypopigmentation +

Cardiac Involvement + (aortic coarctation, fenestrated septum, right ventricular hypertrophy)

Seizures -

Central Nervous System + (absent corpus callosum, polymicrogyria of the bilateral opercular and insular cortices, enlargement of subarachnoid spaces,
Anomalies persistence of fetal venous structures in the lateral cerebral fissure)

Immunologic Findings
Chronic medical Needs
Facial Findings
Muscular-Skeletal Findings
Laboratory Findings
Chromosomal Findings
Genomic Findings

Gene Sequencing

oxygen supplementation since birth
+ (shortened nose with upturned nares, edema)

Mild thrombocytopenia (90,000-120,000)
mosaicism XXY (65%), XY (35%)

EPG5, homozygous ¢.2066delT (p.L689%)

+ (mildly low IgG and IgM, metapneumovirus-associated respiratory distress, normal lymphocyte proliferation)
+ (epicanthal folds, transverse palmar crease, tapered fingers, elongated 4™ toe with clinodactyly)

XXY (80%), Xp22.33q28(168,546-155,233,731)x1-2,18912.1921.2(29,156,720-48,384,599), mosaic Klinefelter syndrome

The included patient does demonstrate several diagnostic criteria for Vici-syndrome (i.e., callosal agenesis, cardiac involvement, hypopigmentation). While the
additional Klinefelter syndrome mosaic is present, the severe clinical findings are not linked to typical clinical features found in XXY patients.



1536 H. SCHWERTZ ET AL.

protein integral for proper functions, was specifically deleted
in platelets, Ouseph and colleagues identified the importance
of platelet autophagy for thrombosis and hemostasis [41] (also
reviewed in [42]).

Whether platelet autophagy is altered during sepsis has not
been studied in detail. Accordingly, we sought to determine
the dynamics of autophagy in human platelets under septic
conditions, and to examine molecular mechanisms involved
in the regulation of this intricate pathway.

Results

Human platelets isolated from Vici syndrome-patient
demonstrate increased LC3 protein levels and accumulate
SQSTM1/p62

Platelets isolated from a patient with Vici syndrome demon-
strated increased LC3 and SQSTMI1/p62 (sequestosome 1)
protein levels, and accumulation of LC3-positive particles.
The clinical characteristics of the patient with Vici syndrome,
with confirmed homozygous mutation in EPG5 ¢.2066delT (p.
L689*) are shown in Table 1. While the patient also had a
mosaic Klinefelter syndrome, the clinical features typically
found in patients with Vici syndrome were present.
Interestingly, this patient with Vici syndrome had a mild
thrombocytopenia (platelet count ranging between 90-
120 K/uL, Table 1), without clinically relevant bleeding.

Although Vici syndrome has been characterized in more
detail in recent years [14,15,43], how this syndrome affects
platelets remains unknown. We assessed platelet morphology,
granule content, and autophagy-related protein expression
with a small amount of blood limited by the subject weight.
Platelets from this patient with Vici syndrome exhibited nor-
mal morphology and granule content (WGA staining for cell
membrane and granules, 777.4 vs. 693.0, fluorescent intensity
for WGA per cell, healthy vs. Vici syndrome, per cell-to cell
analysis), comparable to platelets isolated from a gender-
matched healthy donor (Figure 1A, second lane from left).

Vici syndrome is caused by mutations in the gene EPG5
(OMIM # 615,068), which leads to impairments in the fusion
of autophagosomes and lysosomes. To determine if autophagy
in platelets is disrupted in Vici syndrome, we assessed expres-
sion of MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) protein levels via immunofluorescence microscopy,
an accepted method of determining autophagy activity [44].
Compared to platelets from a matched healthy control sub-
ject, LC3 protein levels in Vici syndrome were approximately
1.5-1.9 higher as analyzed by immunofluorescence micro-
scopy and overall mean fluorescent intensity, percent LC3-
positive cells, or the number of LC3-positive particles per cell
(Figures 1A and 1B).

We next assessed changes in LC3-I and LC3-II by
immunoblot, as well as LC3 conversion to determine if
LC3-II accumulated in platelets when autophagy was acti-
vated with rapamycin. Rapamycin does bind to the MTOR
(mechanistic target of rapamycin kinase) FRB domain, lim-
iting its interaction with RPTOR (regulatory associated
protein of MTOR complex 1), and thus inducing autophagy
[45]. As shown in Figure 1C, and consistent with our

observations by immunofluorescence microscopy (Figures
1A and 1B), LC3-I and -II protein were increased in plate-
lets from the patient with Vici syndrome, both at baseline
and under rapamycin-stimulated conditions. LC3-II, but
not LC3-1, increased further in platelets from the patient
with Vici syndrome upon stimulation with rapamycin. In
addition, conversion of LC3 (as determined by the LC3 II:I
ratio, data not shown) was also increased in platelets from
the patient with Vici syndrome.

To further evaluate autophagy function, we measured
levels of the autophagosome cargo protein SQSTMI at
baseline and with rapamycin stimulation (a way to examine
SQSTM1 accumulation) in platelets from the patient with
Vici syndrome. Baseline levels of SQSTM1 were increased
in platelets from the patient with Vici syndrome, and
SQSTM1 protein decreased ~40% upon stimulation with
rapamycin (Figure 1D). Finally, we examined EPG5 levels
in patient platelets, the protein affected in our patient with
Vici syndrome [46] (Table 1). EPG5 protein expression in
platelets isolated from the patient with Vici syndrome were
almost undetectable, both at baseline and in response to
stimulation with rapamycin (Figure 1E). Taken together,
these findings indicate that the mutation of EPG5 in Vici
syndrome results in decreased clearance of autolysosomes,
and accumulation of autophagosome cargo in human
platelets.

Autophagic vacuoles accumulate in septic platelets

Vici syndrome is characterized by recurrent respiratory infec-
tions, and accumulation of autophagosomes in various tissues
[15]. Our findings of altered autophagic function and
increased autophagosomes in platelets from a patient with
Vici syndrome resembled morphologic findings observed in
microscopic and ultrastructural analysis of human platelets
isolated from septic patients as presented in this study. These
similarities between the inherited immune diseases caused by
genetic mutations and a systemic inflammatory insult char-
acterized by immune dysregulation led us to hypothesize that
alterations of autophagy in platelets in sepsis may be induced
by analogous molecular mechanisms (i.e., alteration of EPG5
function, not mutation of EPG5) as are present in Vici syn-
drome patients.

Since transmission electron microscopy (TEM) reveals the
morphology of autophagic structures at a resolution in the
nm range, we examined platelets from septic patients and
healthy control platelets on an ultrastructural level
Autophagosomes, also referred to as initial autophagic
vacuoles, which typically display a double membrane [44],
were present in platelets isolated from septic patients, but
significantly reduced in platelets from healthy control donors
(Figure 2A and B). In addition, platelets from septic patients
had autophagosomes containing cell organelles (i.e., mito-
chondria, Figure 2A, yellow arrows), indicative of mitophagy.
Late, degenerative autophagic vacuoles/autolysosomes, which
are characterized by only one limiting membrane and typi-
cally with degraded content, were less frequently detected
than autophagosomes.
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Figure 1. Human platelets isolated from Vici syndrome-patient demonstrate increased LC3 protein levels and accumulate SQSTM1/p62. (A) Freshly isolated platelets
from a healthy subject or pediatric patient with Vici syndrome were fixed in suspension immediately after isolation. Representative images are shown.
Immunofluorescence staining with an anti-LC3 (yellow) antibody demonstrates expression of increased levels of LC3 in platelets from patient with Vici syndrome
when compared to healthy platelets (scale bars: 10 pm). Cells were co-stained using WGA (which binds to glycoproteins of the cell and granule membrane, blue). The
yellow box in the merge image demonstrates the origins of the 400x images. (B) Micrographs were analyzed using CellProfiler. The bar graphs display the fold
change of mean fluorescent intensity (left, healthy in white and patient with Vici syndrome in gray), fold change of positively stained cells (middle), and fold change
of stained particles/positive stained cell (right). (C) Immunoblot analysis of platelet lysates from healthy and Vici patient platelets (+ rapamycin to induce autophagy)
using an anti-LC3 antibody. Corresponding ACTB/actin as a loading control is depicted (bottom). Molecular masses of the respective proteins are indicated. Left blot
with unequal ACTB loading demonstrates that LC3 is present in healthy platelets. The quantitative analysis of LC3-II:ACTB ratio, is shown. (D) Immunoblot analysis of
platelet lysates from healthy and Vici-patient platelets (+ rapamycin to induce autophagy) using an anti-SQSTM1/p62. Corresponding ACTB as a loading control is
depicted (bottom). The quantitative analysis of SQSTM1/p62:ACTB ratio is shown. (E) Immunoblot analysis of platelet lysates from healthy and Vici-patient platelets (+
rapamycin to induce autophagy) using an anti-EPG5 antibody. Corresponding ACTB as a loading control is depicted (bottom). The quantitative analysis of EPG5:ACTB
ratio is shown. For bar graphs in C, D, and E, non-treated (NT, light gray), and rapamycin (dark gray).
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Figure 2. Platelets isolated from septic patient demonstrate increased autophagosomal activity when compared to platelets isolated from healthy individuals. (A)
Transmission electron microscopic analysis of healthy platelets (top row) and platelets isolated from septic patients (bottom row, scale bars: 1 um). Yellow arrows
indicate autophagosomes of various content. This figure is representative of n = 5 independent experiments. (B) Bar graph showing the quantitative analysis of
autophagosomes being present in healthy versus septic human platelets. The figure represents the analysis of >100 cells per group from n = 5 subjects per group. (C)
Images demonstrate healthy platelets (top row) and platelets isolated from septic patients (bottom row) immunostained with an anti-LC3 (yellow), and an anti-
LAMP1 (magenta) antibody. Cells were subsequently analyzed using super resolution microscopy. Scale bars: 1 um. White color expression demonstrates potential

colocalization. This figure is representative of n = 4 independent experiments.

Table 2. Demographic data for the cohort of septic patients.

Table 3. Demographic data for the cohort of healthy controls.

Characteristic Septic Patients (n = 16)

Characteristics Healthy Controls (n = 12)

Age, years median 68, range 30-86
Sex, male n (%) 10 (62.25)

Septic Shock, n (%) 6 (37.5)
Mechanical Ventilation, n (%) 4 (25.0)

28-day Mortality, n (%) 2 (12.5)

Platelet Count at ICU Admission, (k/pl)
Infection Source,
Respiratory n (%) 8
Urinary tract n (%) 6 (37.5)
2
1

median 202, range 50-304

Skin/soft tissue n (%)
Unknown cause n (%)
Vasopressor Use, n (%)

We next examined the localization of LC3 and LAMPI1
(lysosomal associated membrane protein 1; a lysosomal mar-
ker) by immunofluorescent staining in platelets from septic
patients (Table 2) and, for comparison, gender-matched
healthy control donors (Table 3). Platelet aggregate formation,
and LC3 expression increased significantly in septic patients,

Age, years
Sex, male n (%)

median 43, range 25-50
5(41.7)

Demographic data shown from septic patients and healthy controls were col-
lected at the time of study enrollment, which was within 48 (+24) h of ICU
admission for sepsis. Some patients had multiple infectious sources. Data
shown are the median, range, or n (%).

when compared to healthy platelets (Figure S1A and B).
LAMPI1 expression was also moderately increased in septic
patient samples, and intracellular location was preserved.
Next, we utilized super-resolution microscopy geared
toward the detection of the localization of proteins, to gen-
erate image resolutions below the technical optical limit (i.e.,
20 nm lateral resolution) in combination with immunofluor-
escence. We confirmed in platelets from a healthy donor our
ability to detect the formation of LC3 and autophagosomes
upon stimulation with rapamycin, which increases autophagic
activity, and with bafilomycin A, which inhibits the fusion of
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Figure 3. Platelets isolated from septic patients demonstrate late-stage inhibition of autophagy when compared to healthy platelets. (A) Platelets from healthy
individuals and septic patients were isolated and treated with rapamycin and/or bafilomycin A;. SQSTM1/p62 accumulation, LC3-l conversion and LC3-Il turnover
were detected by western blot. Positions of LC3-l and -Il are marked. Corresponding ACTB is shown at the bottom and was used for normalization (B). The
quantitative analysis of the flux experiments is shown. The graphs are representative of n = 7 independent experiments. AUC, area under curve. (C) SQSTM1/p62
turnover was used as a measure of autophagic flux (AF). Autophagic flux was calculated as referenced in material and methods. The AAF was converted from
numbers to arrows to directional changes. Stages of autophagy were defined by pattern of AAF and corresponding LC3 and SQSTM/p62 levels.

autophagosomes with lysosomes and triggers LC3 accumula-
tion (Figure S2).

Next, we investigated the localization of immuno-detected
autophagosomes in unstimulated platelets from septic
patients, compared to healthy donors. Consistent with our
findings by TEM and ICC (Figure 2A B and Figure S2), we
observed an increased intracellular localization for LC3, sug-
gesting an increased number of autophagosomes in platelets
from septic patients (Figure 2C).

Sepsis was associated with late-stage inhibition of
autophagic flux in platelets

Autophagic flux, the process in which autophagosomes transi-
tion to autolysosomes, delineates autophagic degradation [44].
Autophagic flux can be inferred on the basis of LC3-II turnover

measured by western blotting [47]. In addition, SQSTM1
becomes incorporated into the formed autophagosome and is
degraded in the autolysosomes. Thus, measuring LC3-II turn-
over and changes in SQSTMI can be used to quantify changes in
cellular autophagic flux [47]. Based on our morphologic (e.g.,
TEM, Figure 2A) and super-resolution immuno-detection stu-
dies (Figure 2C), we hypothesized that autophagic flux would be
altered in platelets from septic patients.

We first investigated LC3-I, LC3-II, and SQSTM1 protein
levels in platelets from septic patients, examining both baseline,
unstimulated levels and changes in response to platelets stimu-
lated with rapamycin or bafilomycin A, in order to determine if
autophagic flux was altered in sepsis. Levels of all three of these
proteins were significantly higher in unstimulated platelets from
septic patients (Figures 3A and 3B). While autophagic flux could
be further induced in rapamycin-stimulated platelets from septic
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Figure 4. Transcripts coding for key factors of autophagy are differentially
expressed in platelets isolated from septic patient when compared to platelets
from healthy individuals. Platelets were isolated from healthy individuals or
septic patients within 48 h of ICU admission. Total RNA was isolated and next
generation RNA-sequencing (RNA-seq) was performed (n = 6-8 per group,
respectively). (A) Heat map of upregulated (log, fold-change > 0, red) and
downregulated (log, fold-change < 0, blue) transcripts in platelets from healthy
individuals and septic patients. Black brackets indicate hierarchical grouping. (B)
EPGS5 expression was verified using gRT-PCR in independent septic patients and
healthy controls. The bar graph shows the fold change by AACT-method (n =7
subjects per group).

patients, sepsis was associated with late-stage inhibition of auto-
phagy in platelets (Figure 3C) when compared to healthy plate-
lets. Based on these results and our microscopy studies (Figure
2), these findings suggest that reduced autophagic activity and
late-stage inhibition of the autophagic flux in platelets from
septic patients may be due to impaired fusion of lysosomal
vesicles with autophagosomes.

Transcripts coding for key autophagy proteins are
differentially expressed in platelets from septic patients

Although anucleate, emerging data demonstrates that the
human platelet transcriptome is not static. Rather, the platelet
transcriptome is dynamic and often markedly altered during
systemic inflammatory diseases [36,37,48,49]. To determine
whether transcripts coding for autophagy proteins were
altered in platelets during sepsis, we used RNA-seq on highly
purified platelets from septic patients and matched healthy
donors. This was performed as a sub-analysis of a dataset
previously published by our group [50]. Table S1 demon-
strates that limited transcripts encoding for proteins involved
in autophagy were significantly altered in sepsis. Figure 4A
shows the up- and downregulated transcripts in a heat map,
including the expression of EPG5.

Among the differentially expressed transcripts, EGP5 was
significantly reduced (log2 fold-change = -0.7598; p
(adjusted) = 0.0491) in platelets from septic patients. To
validate changes in EPG5 expression, we performed qRT-
PCR on platelets from an independent set of septic patients
and matched healthy donors. Consistent with data generated
by RNA-seq, EPG5 expression was significantly downregu-
lated (~80%, p < 0.0001) in platelets during sepsis (Figure 4B).

EPGS5 protein expression levels are increased in platelets
due to inflammatory conditions

Having detected significantly reduced EPG5 transcript levels
in platelets from septic patients, we hypothesized that EPG5
protein expression would similarly be altered during sepsis. In
contrast to the reduced RNA expression of EPG5, western blot
analysis demonstrates significantly increased EPG5 protein
expression in platelets from septic patients (Figure 5A). To
further test the above hypothesis, we used immunofluores-
cence-staining (ICC) to examine EPG5 protein subcellular
localization in platelets from septic patients and matched
healthy control donors. EPG5 staining was localized in a
granular pattern in platelets from septic patients (Figure 5B).
Additionally, using automated image analysis, we detected a
significantly increased number of EPG5-positive cells (Figure
5C), which was accompanied by corresponding increase in
EPG5 signal per positive cells (data not shown). Contrasting
RNA-protein expression patterns were also previously
observed in platelets for MMPs (matrix metallopeptidases)
and TIMP (TIMP metallopeptidase inhibitor) [51].
Discrepancies in mRNA and protein expression may be
explained by differential loading of RNA and protein in plate-
lets by their precursor cell megakaryocytes, RNA stability,
and/or altered dynamics of the regulation of transcription
and translational control mechanisms.

EPG5-LC3 interactions are reduced in human platelets
during sepsis

Previous studies demonstrate that EPG5 facilitates the fusion
of autophagosomes and late endosomes/lysosomes during late
stages of autophagy by coordinating RAB7 and directly tether-
ing LC3 [14]. Our results demonstrate decreased autophagic
flux and late-stage inhibition, but increased protein expres-
sion for LC3 and EPG5. Therefore, we next examined whether
interactions between EPG5 and LC3 were altered under septic
conditions. The functional consequence of decreased LC3-
EPGS interaction would be reduced autophagosome and lyso-
some fusion, resulting in diminished autophagic flux, late-
stage inhibition, and accumulation of autophagosomes, as
we observed in platelets from septic patients. Using specific
antibody to LC3 for immunoprecipitation and measuring
both LC3 and co-immunoprecipitated EPG5 we found that
while LC3 readily interacted with EPG5 in platelets from
healthy donors, LC3-EPGS5 protein-protein interactions were
markedly reduced in platelets isolated from septic donors
compared to healthy donors (Figure 5D), an observation we
could reproduce using proximity ligation technique (Figure
S3A and B). Input controls were similar between septic
patients and healthy controls (triangle - healthy, circle -
septic; Figure 5D, insert). Interesting, LC3-I and LC3-II accu-
mulation in platelets detected by co-immunoprecipitation
from septic patients was higher than in matched healthy
donors under unstimulated conditions (Figure 5D).
Immunoprecipitated LC3 levels did not significantly change
in rapamycin or bafilomycin A; stimulated platelets from
septic patients, compared to unstimulated conditions.
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Figure 5. EPG5 protein expression is increased in septic platelets, while EPG5-LC3 interaction decreases during sepsis. (A) Platelets from healthy individuals and septic
patients were isolated and treated with rapamycin and/or bafilomycin A;. EPG5 expression levels were detected by western blot. Position of EPG5 is marked.
Corresponding ACTB is shown at the bottom and was used for normalization of data presented in bar graph below. This figure is representative of n = 6 independent
experiments. (B) Platelets were fixed in suspension immediately after isolation. Immunofluorescence staining with an anti-EPG5 (yellow) antibody demonstrates
robust expression of EPG5 protein in platelets from septic patients and healthy platelets (scale bars: 10 um). Cells were co-stained using WGA (blue). White arrows
highlight platelet cell bodies for orientation. This figure is representative of n = 3 independent experiments. (C) Micrographs were analyzed using CellProfiler. The bar
graph displays the percent of positively stained cells for EPG5, normalized to IgG. (D) Endogenous LC3 precipitates endogenous EPG5 in a co-IP assay. Input samples
as controls are indicated in inserted box. The open circles demonstrate the densitometric analysis of the co-IP experiment for LC3, the overlaid closed squares show
the densitometric analysis of co-IP’d EPG5 for each experimental condition. This figure is representative of n = 7 independent experiments. (E) Endogenous LC3
precipitates endogenous EPG5 in a co-IP assay using MKs cultured under simulated septic conditions (LPS treatment) and treated with specific TLR4 inhibitor, CLI-095.
This immunoblot is representative of n = 4 independent experiments. In the graph below the immunoblot, the open circles demonstrate the densitometric analysis
of the co-IP experiment for LC3, while the overlaid closed squares show the densitometric analysis of co-IP'd EPG5.

To further establish a molecular signaling pathway poten- protein interaction patterns (Figure 5E). This experimental
tially regulating the direct EPG5-LC3 interactions during late-  finding in human MKs was consistent with our clinical obser-
stage inhibition of autophagy in platelets during sepsis we vations in platelets from septic patients (Figure 5D). The
utilized an established CD34"-derived human megakaryocyte ~diminished EPG5-LC3 protein-protein engagement was
(MK) cell culture model [52-54]. MKs are platelet precursor reversed by a small molecule inhibitor, CLI-095 (Figure 5E),
cells, contain many of the same proteins and pathways as that suppresses cellular responses triggered by the LPS-TLR4
platelets, and are often used as a relevant model system to signaling cascade through blocking downstream effects
study platelet responses [50,55]. The exposure of human MKs mediated by the intracellular, cytoplasmic tail domain of the
to an agonist commonly generated during sepsis (lipopolysac- TLR4 [56]. Consistent with these data, in human MKs, LPS
charide, LPS) resulted in decreased EPG5-LC3 protein- increased TLR4 dependent phosphorylation of MAPKI1



1542 (&) H.SCHWERTZ ET AL.

A C Healthy Sepsis
- Rapamycin -+ - + -+ -+
RAB7 LOgZ fold Adjusted Baﬁlomycin A - E— L + 4
change p-value
Total RAB7 === s -23 kDa
RON?A 0.342547699 0.616692977
ACTB « = e s o e s e
p=0.0246
B 12, z 15 4 _
1.0 - ‘2 =0.0304
g 2
2 081 £5 1.0 4
@ ©
< 0.6 >D
[&] §<
S 04 oX 05
L 0.2 =
<
00 - © 0.0
,§~& Q%\ Rapamycin -+ -+ -+ -+
¥ < BafilomycinA¢ - - + + - - + +
Healthy Sepsis

Figure 6. RAB7 RNA and protein expression levels are dynamic during sepsis. (A) Changes in RAB7 RNA expression levels are shown (n = 6 subjects per group). (B)
RAB7 RNA expression was measured using gRT-PCR. The bar graph shows the fold change by AACT-method (n = 3 subjects/group, ns). (C) Western blots (used in
Figure 5A) were stripped and re-probed to detect RAB7 protein expression levels. Position of RAB7 is marked. Corresponding ACTB loading control is shown at the
bottom (same as shown in Figure 5A) and was used for normalization of data presented in bar graph below. This figure is representative of n = 6 independent
experiments. Significance is indicated by exact p-value where statistically significant.

(mitogen-activated protein kinase 1)/ERK2-MAPK3 (mito-
gen-activated protein kinase 3)/ERK1 and MTOR (Figures
S4A-B), which are part of the previously characterized
TLR4-MYD88 (MYD88 innate immune signal transduction
adaptor)-MAP2K (mitogen-activated protein kinase kinase)/
MEK-MAPK/ERK-MTOR pathway [57,58], known to be pre-
sent and active in MKs and platelets [59-63].

To determine whether these in vitro responses in human cells
were conserved in vivo, and to provide further mechanistic
evidence, we also examined whether TLR4 regulated phosphor-
ylation of MAPK1-MAPK3 and MTOR in platelets during
experimental sepsis. As shown in Figures S4C-D, phosphoryla-
tion of MAPK1-MAPK3 and MTOR in platelets during endo-
toxemia sepsis was significantly reduced when TLR4 was
pharmacologically inhibited.

RAB7 protein expression levels are reduced in human
platelets under septic conditions

Next, we examined RAB7 expression levels. RAB7 is a small
GTPase that controls transport to late endocytic compart-
ments, including late endosomes and lysosomes [64]. In addi-
tion, RAB7 is a direct interaction partner of EPG5 in
lysosomes [14]. RAB7 mRNA expression was not significantly
changed in platelets from septic patients, compared to healthy
donors (Figure 6A and B). RAB7 protein levels were signifi-
cantly reduced in platelets from septic patients (Figure 6C).
Similar, but not significant, patterns were observed when late
stages of autophagic flux were inhibited with bafilomycin A,
(Figure 6C). These data demonstrate that reduced EPG5-LC3
interactions and decreased RAB7 expression levels character-
ize platelets isolated from septic patients.

Discussion

While platelets are anucleate cells with a short life-span
(~10 days) they contain abundant mRNA [65,66], miRNA
[67], and organelles, and use intricate regulatory pathways
to fulfill their biologic tasks [48,49,52,54,68-72]. Research
efforts in recent years revealed that platelets are not limited
to hemostasis and thrombus formation, but also function as
key immunologic cells in host defense [37,73,74] and the
orchestration of inflammatory processes [32,34-36,75,76].
Platelets have been studied for vesicle trafficking, demonstrat-
ing that they contain all the necessary factors to perform
autophagy [38,42]. Furthermore, those studies underscored
the importance of autophagy for megakaryopoiesis, thrombo-
poiesis and platelet function [40,41,61,77]. Nevertheless, there
is a paucity of data helping to understand platelet autophagy
under inflammatory conditions.

Here, we demonstrate for the first time, to the best of our
knowledge, that late-stage inhibition of autophagy, observed
in platelets isolated from a Vici syndrome patient, also occurs
in platelets from septic patients (Figure 3C, 5D, and 7). EPG5
protein expression level and its functionality were found to be
decreased in a Vici syndrome patient due to the homozygous
mutation (Table 1). Platelets isolated from septic patients also
demonstrate decreased LC3 recognition and binding of EPG5
(Figure 5D), while providing evidence of EPG5-LC3 interac-
tions [14] in human platelets under healthy conditions. In
addition, using human MK cells, we were able to demonstrate
that this process is dependent on TLR4 signaling (Figure 5E).

Our analyses of Vici syndrome patient platelets are also the
first to examine these anucleate cells in this extremely rare
patient population. Using microscopy techniques, the accu-
mulation of autophagic vacuoles in various tissues was pre-
viously described as a hallmark finding in several Vici



syndrome patients [78-81]. Consistent with these findings we
observed accumulation of LC3-positive particles in platelets
isolated from the Vici syndrome patient. This not only sug-
gests that the number of autophagosomes is increased in
platelets, but also a failure to clear late-stage autophagosomes.
These observations suggest that platelets are similarly affected
by the defect in autophagy induced by EPG5 mutations as are
other tissues [15]. The clinically performed genetic sequen-
cing of the Vici syndrome patient did demonstrate a deletion
of thymidine in position 2,066, resulting in a non-sense fra-
meshift. In concordance with this mutation, we were able to
show decreased EPG5 protein expression levels (Figure 1E).
In addition, based on the mutation-induced disturbed EPG5
function, we discovered that LC3 accumulates intracellularly
and that protein levels of SQSTMI increase in Vici syndrome
patient platelets (Figure 1C D and), correlating with disturbed
autophagic flux in affected cells [82]. Expression levels of
corresponding transcripts could not be analyzed due to lim-
ited sample availability. Taken together, these clinically rele-
vant molecular findings in the Vici syndrome patient, a
patient population prone to immune-system disturbances,
raised the question regarding whether altered autophagic
function would be caused in platelets exposed to systemic
inflammatory conditions.

Because of its clinical relevance, we decided to study plate-
let EPG5 function in a common, morbid, and often fatal
systemic inflammatory disease — sepsis. Preliminary experi-
ments performed in our laboratory (data not shown) paral-
leled the Vici syndrome platelet phenotype, demonstrating
accumulation of vesicles in platelets isolated from patients
with sepsis. The morphologic changes included the increased
intracellular localization of LC3 positive particles (Figure 2C),
and the accretion of vesicles, demarcated by a double mem-
brane (hallmark of autophagosomes), visible on an ultrastruc-
tural level (Figure 2A). Some of these vesicles did contain
organelles, ie., mitochondria, indicative of selective mito-
phagy. In addition, the use of bafilomycin A;, a vacuolar-
type H'-ATPase (V-ATPase) inhibitor, which blocks fusion
of autophagosomes with lysosomes (late-stage inhibitor),
reproduced the increased intracellular localization of LC3-
positive structures in platelets from healthy individuals when
compared to platelets from septic patients (Figure S2). Based
on these observations, we conclude that autophagosomes, but
not late degenerative autophagic vacuoles/autolysosomes
(characterized by a single membrane), build up intracellularly
in septic platelets. These findings did point toward a potential
late-stage inhibition of the autophagic flux occurring in septic
platelets.

Autophagosome evolution involves fusion with early and
late endosomes [18], a sequence of events defining the
maturation of autophagosomes and building the late-stage of
autophagy. Published studies indicate that the fusion between
autophagosome and lysosomes in mammalian cells is an
intricate multi-step process regulated through complex mole-
cular machinery [83]. The monitoring of autophagic flux
using microscopy or flow cytometry approaches usually
requires that the cells of interest are transfected with specific
reporter constructs [44]. However, it is difficult to produce
transfected and genetically modified uniform, high-quality
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human platelets. Therefore, a western blot-based approach
was utilized. SQSTM1 and related LC3 binding protein turn-
over can be used as an index of autophagic turnover and
degradation [44,47]. Our studies demonstrate increased levels
of SQSTM1 in platelets isolated from septic patients when
compared to healthy control donors (Figure 3). Treatment of
healthy platelets with rapamycin (inducer of autophagy)
resulted in increased autophagic flux, demonstrating the gen-
eral ability of platelets to appropriately react to additional
autophagic stimuli. In contrast, when comparing septic plate-
lets treated with or without rapamycin with healthy platelets
treated in similar fashion, we detected evidence of late-stage
autophagic inhibition and decreased reactivity to pharmaco-
logic stimuli. This finding is remarkable in the context of
previously described dynamics of the autophagic system in
clinical and experimental settings of sepsis. CLP-induced sep-
sis did result in initial clearance of autophagosomes, but
accumulation of SQSTMI1 at later stages of the disease (8 h)
[21,23]. In addition, TEM analysis of tissues from septic
animals did reveal an increased number of autophagosomes,
but only few autolysosomes [27], also supporting the hypoth-
esis of reduced autophagosomal and lysosomal fusion.
Furthermore, using a CLP mouse model utilizing platelet
specific mtor knockout (KO) animals, we were able to recapi-
tulate the accumulation of autophagosomes in platelets iso-
lated from mice exposed to the inflammatory condition
(Figure S5). While the knockdown of MTOR will result in
increased autophagic activity (paralleling the effects of the
pharmacological inhibitor of MTOR, rapamycin), these pre-
liminary animal model results indicate similar autophagic
mechanisms are active in this sepsis model. This will enable
us to study the molecular mechanisms described in this study
in more detail using future animal model approaches.

The RAB-SNARE system has been demonstrated to be play
a crucial role in the autophagosome-lysosome fusion process
[84]. However, the interacting molecules embedded in the
autophagosomal and lysosomal membrane and potential adap-
ter molecules were only recently identified. Experimental stu-
dies utilizing Vici-syndrome patient samples demonstrated
that EPG5 was recruited to late endosomes/lysosomes by
RAB7, and tethering of this complex to autophagosomes by
EPG5-LC3 interaction leads to maturation of autolysosomes
[14]. Therefore, we analyzed the changes of transcripts essential
for autophagy and autophagosome-lysosome fusion in human
platelets. The detected decrease in EPG5 expression levels in
platelets isolated from septic patients did further point toward a
disturbance of the autophagosome-lysosome fusion process. In
contrast to the mRNA expression levels, our protein expression
analysis of EPG5 and LC3 did demonstrate increased amounts
of those proteins in septic platelets, suggesting abundant pre-
sence of such critical proteins. Findings of contrasting mRNA
and protein expression dynamics are not unusual, and were
described before [51]. These discrepancies in mRNA and pro-
tein expression levels are reflective of a megakaryocyte driven
selective transfer (i.e. influenced by external inflammatory
cues), rather than randomly dispensed mRNAs and proteins
into platelets. Furthermore, translational control mechanisms
and changes in RNA stability can be responsible for differences
in RNA and protein expression levels.
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Induction of autophagy in healthy control platelets resulted
in increased direct EPG5-LC3 interaction (Figure 5D), poten-
tially indicating increased fusion of autophagosomes with late
endosomes/lysosomes [14]. In contrast, septic platelets
revealed reduced EPG5-LC3 interaction (Figure 5D and
Figure S3). These findings are indicative of late-stage inhibi-
tion of autophagy due to reduced EPG5-LC3 guided autopha-
gosome-lysosome fusion in human platelets isolated from
septic patients, despite increased total EPG5 and LC3 protein
levels. This is the first time that late-stage inhibition due to
diminished EPG5-LC3 interaction guided autophagosome-
lysosome fusion is implicated in platelet function in human
sepsis. We [48,50] and others [85,86] have previously reported
that during sepsis, platelets demonstrate increased surface
expression of SELP (selectin P; secreted by alpha-granules),
and greater activation of integrin alIbp3 on the platelet sur-
face, thereby enhancing platelet aggregation. Autophagy reg-
ulates many aspects of cell secretory events [87] and, while
our study did not permit us to perform associative analyses
between platelet activation responses and autophagy, Ouseph
and colleagues have reported that autophagic pathways in
non-septic platelets control granule secretion and aggregation
[41] (also reviewed in [88]).

Other investigators have demonstrated that accumulation
of autophagosomes induces cellular toxicity [89]. This disrup-
tion of autophagic flux was also shown to have pathologic
relevance most notably when combining chemotherapeutic
drugs with autophagosome clearance inhibitors in tumor stu-
dies [90]. While the induction of increased cell death is
beneficial in the setting of cancer therapy, it was demon-
strated that decreased numbers of circulating platelets were
linked to increased patient mortality during sepsis [91] (and
reviewed in [92]). Therefore, based on our results, altered
autophagic flux in human platelets could be added to the
growing list of thrombocytopenia-inducing mechanisms dur-
ing sepsis associated with adverse outcomes [92], and may
offer new therapeutic avenues.

We also demonstrate decreased RAB7 protein expression
in septic platelets (Figure 6C). RAB7 is expressed on the
surface of late endosomes/lysosomes [93], and was shown to
be affected by EPG5. EPG5-RAB7 interactions, in concert
with LC3 binding, was demonstrated to determine the fusion
specificity of autophagosomes and with late endosomes/lyso-
somes [14,64,94]. The decreased expression of RAB7 might be
an integral part of the dysregulated autophagic flux we
observed in septic platelets and could contribute to the
detected late-stage inhibition. Future studies centered around
RAB?7 in platelets may add another facet to the multifactorial
dysfunction of autophagy under septic conditions detected in
human platelets.

Finally, to further decipher the signaling mechanism
involved in diminished EPG5-LC3 interaction, we utilized a
well-established platelet-surrogate MK culture model, as pre-
viously used by our laboratory [37,52-54]. LPS is one of the
major determinants in gram-negative sepsis [95]. LPS is a
ligand of TLR4, which is expressed by CD34"-derived MKs
[96]. Engagement of TLR4 by LPS triggers dimerization and

association of MYD88 with the intracellular TIR (Toll/IL-1
receptor) domain of TLR4, or TRIF-dependent signaling,
followed by additional signal transduction events [97,98].
We found that a well-characterized small molecule inhibitor
that selectively blocks TLR4 signaling (CLI-095) restored the
diminished EPG5-LC3 protein-protein interaction (Figure
5E). Taken together, these results suggest that in our model-
cell system of MKs and their daughter cells, human platelets,
sepsis-induced dysregulated autophagy, and EPG5-LC3 disen-
gagement, are mediated by LPS-signaling through TLR4. This
novel finding expands on the linkage of LPS and autophagy
[99]. Additional downstream signaling intermediates are
active in MKs and human platelets [59-63], directly linking
TLR4 to autophagy, as the TLR4-MYD88-MAP2K/MEK-
MAPK/ERK-MTOR pathway [57] demonstrated increased
phosphorylation events under simulated septic conditions
and in murine models of sepsis due to endotoxemia (Figure
S4). These findings warrant further investigation in future
studies.

Our experimental approach for this study was driven by
the guidelines for autophagy research [44]. Nevertheless, there
are some limitations to this study. First, we were only able to
study autophagy in platelets from one patient with Vici syn-
drome. However, this syndrome is extremely rare, and only
~78 patients have been reported in the literature [17] since its
first description in 1988 [100]. The median survival of most
patients with Vici syndrome is also only 42 months from
birth. This makes studying patients with Vici syndrome
exceedingly difficult. We also appreciate that our cohort of
septic patients and healthy donors were not specifically age-
matched and that sepsis has heterogenous clinical features (as
shown in Table 3). We appreciate that while matched on the
variable of sex, health donors and septic patients were not
matched on the variable of age. Nevertheless, we did not
identify any significant differences between younger and
older subjects with regards to platelet autophagosome content,
autophagic flux, or EPG5 levels. Therefore, we do not believe
age represents a significant confounder for our study. In
exploratory analyses, we also did not find any significant
associations between clinical features of sepsis and alterations
in platelet autophagy. Finally, we recognize that our clinical
and in vitro findings might be extended in future studies by in
vivo work using relevant mouse models where Epg5 is geneti-
cally altered in platelets and megakaryocytes. These murine
models currently do not exist, and may be the focus of future
studies.

In conclusion, our data identify a previously unrecognized
regulatory mechanism of autophagy as present in human
platelets. Our findings demonstrate that during sepsis, RAB7
(an integral protein to coordinate the autophagosome-lyso-
some fusion process) in platelets is decreased. Together, these
are associated with reduced platelet autophagy activity.
Finally, we propose that under septic conditions, the matura-
tion of autolysosomes is disturbed due to LPS-TLR4 signaling
and diminished interactions of EPG5 and LC3. This mimics
aspects of the molecular base of the late-stage autophagy
inhibition described in Vici syndrome patients (Figure 7).
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Materials and Methods
Vici syndrome patient

Patient was identified based on characteristics listed in
Table 1.

Septic patients and Healthy Controls

Patients were selected for meeting consensus criteria for sepsis
[101], enrolled within 48 h of ICU admission, and demon-
strated demographic and clinical characteristics as outlined in
Table 2. Healthy controls were sex-matched to septic patients
and their demographics are shown in Table 3.

Reagents and antibodies

The following drugs and reagents were used freshly prepared
or from stock solutions: rapamycin (200 nM; Millipore Sigma,
553,210), bafilomycin A; (200 nM; Millipore Sigma, 196,000),
CLI-095 (1 uM; InvivoGen, Tlrl-cli95), and LPS (100 ng/mL;
Millipore Sigma, L6011). The following reagents and antibo-
dies were used for microscopy, western blot, and co-IP studies
as described below: Paraformaldehyde (PFA 4% [2% final]),
Alexa Fluor® 555 or 633 conjugate of wheat germ agglutinin
(WGA, 1:1000; Thermo Fisher Scientific, W32464, W21404),
rabbit anti-LC3B antibody (abcam, ab48394), mouse anti-
LC3B (abcam, ab243506), mouse anti-SQSTM1/p62 antibody
(abcam, ab56416). A rabbit anti-EPG5 (Thermo Fisher
Scientific, PA5-38,062; and LifeSpan, C413653), mouse anti-
ACTB/actin HRP-conjugated (abcam, ab20272), mouse anti-
LAMP1 (abcam, ab25630), mouse anti-RAB7 (abcam,
ab50533), rabbit anti-MAPKI1/ERK2-MAPK3/ERK1, rabbit
anti-MAPK1/ERK2-MAPK3/ERK1  Tyr202/Tyr204, rabbit
anti-MAPK/p38, rabbit anti-MAPK/p38 Tyr180/Tyr182,

rabbit anti-MTOR, rabbit anti-MTOR Ser2448 (all Cell
Signaling Technology, 9102, 9101, 9212, 9211, 2971, 2971S).
Secondary biotinylated or HRP-conjugated antibodies, and
streptavidin Alexa Fluor® purchased from Thermo Fisher
Scientific (31,424, 31,864, 31,452, A16170, S11223, S32355).

Platelet isolation and culture

All studies were approved by the institutional ethics com-
mittee (IRB#000392 and IRB#00046263). Platelets used for
the described studies were freshly isolated from septic
patients and gender-matched, medication-free, healthy
human subjects. In select studies, platelets were isolated
from a pediatric patient diagnosed with Vici Syndrome,
and gender-matched, medication-free, healthy individual.
Platelets were leukocyte-reduced and isolated as previously
described to yield a highly-purified population of cells
with <1 leukocyte per 107 platelets [52,54,69]. Depleted
platelets were resuspended at 1x10®/mL in serum-free
M199 medium (Thermo Fisher Scientific, 11,150,067),
placed in round-bottom polypropylene tubes, and incu-
bated, where indicated, in a 37°C humidified incubator
at 5% CO, for different time points. In select studies,
platelets were treated (2 h) with rapamycin, bafilomycin
A, or its vehicle control (DMSO).

CD34"-derived megakaryocytes (MKs)

CD34" hematopoietic progenitor cells were isolated from
human umbilical cord blood and differentiated into proplate-
let-producing MKs as previously described [52-54]. Minor
changes in protocol were implemented. In brief, StemSpan
SFEM II media (Stemcell Technologies, 09655) was used for
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standard culture conditions. On day 10, some cells were
treated with CLI-095 (1 pM), and/or with LPS (100 ng/mL).

Immunocytochemistry

Freshly isolated platelets were fixed in suspension using PFA,
permeabilized with 0.1% Triton X-100 (Thermo Fisher
Scientific, AC327372500) for 5 min at room temperature (RT)
and subsequently layered onto VECTABOND™ (Vector
Laboratories, SP1800) coated coverslips using a cytospin centri-
fuge (Shandon Cytospin, Thermo Fisher Scientific, Waltham,
MA, USA). Cells were incubated with IgG (to control for speci-
ficity of signal) or an antibody against targets as listed above (see
reagents and antibodies paragraph) overnight at 4°C. Cells were
subsequently incubated with secondary biotinylated antibodies,
and signals were amplified using streptavidin Alexa Fluor® 488
or 546. Sialic acids/glycoproteins (in cell membranes/granular
content) and the actin cytoskeleton were co-stained using WGA
or phalloidin (Thermo Fisher Scientific, W32464, W21404,
A12379, A22283), respectively.

Microscopy and image analysis

Fluorescence microscopy and high-resolution confocal
reflection microscopy were performed using an Olympus
IX81, FV300 (Olympus, Melville, NY) confocal-scanning
microscope equipped with a 60x/1.42 NA oil objective for
viewing platelets. An Olympus FVS-PSU/IX2-UCB camera
and scanning unit and Olympus Fluoview FV 300 image
acquisition software version 5.0 were used for recording.
Monochrome 16-bit images were further analyzed and
changes quantified using Adobe Photoshop CS6, Image]
(NIH), and CellProfiler (www.cellprofiler.org) with a cus-
tom analysis set [102]. In brief, raw images with visible
signal for IgG background were automatically analyzed to
minimize observer bias. While this might lead to increased
signal intensity across all samples (Figure 5B), the introduc-
tion of threshold parameters adjusts for visible IgG staining
in the analysis set (Figure 5C). The following software para-
meters were introduced: threshold method - otsu (this
approach calculates the threshold separating three classes of
pixels by minimizing the variance within each class); thresh-
old correction factor - 2.5 (a value > 1 makes the threshold
more stringent, since the otsu method will give a slightly
biased threshold if a larger percentage of the image is covered
with positive signal).

Protein expression studies

All samples were normalized for starting cell concentrations.
Platelets were lysed in Laemmli-buffer, and samples were
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and examined by western analysis for LC3, SQSTM1/
p62, EPG5, RAB7, MAPK1-MAPK3, MAPK/p38, and MTOR
expression patterns. Subsequently, proteins were detected by
enhanced chemiluminescence (ECL; Thermo  Fisher
Scientific, 32,132). Linear range of detection was assured by
using the saturation detection mode of the myECL Imager
(Thermo Fisher Scientific, Waltham, MA, USA). Specific

protein expression was normalized using ACTB/actin expres-
sion and quantified using Image] (NIH).

Transmission electron microscopy

For the ultrastructural analyses, platelets were spun down
on acylar disks coated with poly-L-lysine (Thermo Fisher
Scientific, P8920), fixed in 4% formaldehyde, 1% glutaral-
dehyde (Electron Microscopy Sciences, 16,536-05) in 0.1 M
phosphate-buffered saline (PBS; 80.0 g NaCl, 2.0 g KCI,
21.7 g Na,HPO, 7H,0, 2.59 g KH,PO,, fill up to 1.0 L
ddH,O0, adjust to pH 7.4) overnight. Platelets were washed
with 0.1 M phosphate buffer (pH 7.4), followed by distilled
H,0. Platelets were then post-fixed with 2% osmium tetr-
oxide (60 min), washed twice with distilled H,O, dehy-
drated by a graded series of acetone concentrations (50%,
70%, 90%, and 100%; 2 x 10 min each) followed by embed-
ding in Epon (Millipore Sigma, 45,345). Thin sections were
examined with a JEOL JEM-1400 electron microscope
(JEOL, Peabody, MA, USA), after uranyl acetate and lead
citrate staining. Digital images were captured with a side-
mounted Advantage HR CCD camera (Advanced
Microscopy Techniques, Woburn, MA, USA), saved in
TIFF format, and trimmed for publication using Adobe
Photoshop CS6. Autophagosomes were assessed and
counted in a blinded fashion.

Super-resolution microscopy

Using this technique, two-point sources closer than the width
of their point source function can be distinguished. Having
only a few labeling molecules in a fluorescent state (blinking
function) at any time allows the location of each molecule to
be individually determined with high precision [103-105].
Therefore, this technique is primarily aimed at defining a
location instead of intensity of fluorophore. Platelets were
pretreated with rapamycin or bafilomycin A; as aforemen-
tioned. Cells were fixed in suspension using paraformalde-
hyde (PFA, 2% final concentration). The fixed cells were spun
down onto poly-L-lysine-coated chamber slides using stan-
dard centrifugation, and custom slide holder. Cells were
washed (HBSS, 3x), and permeabilized using HBSS 0.1%
Triton X-100 for 5 min. Cells were washed (HBSS, 3x), and
nonspecific binding blocked using HBSS containing filtered
donkey serum (10%; abcam, ab7475) for 1 h. at room tem-
perature. Cells were subsequently incubated with primary
antibodies (rabbit anti-LC3 antibody, and mouse anti-
LAMPI1) at 4°C overnight. Next, samples were incubated
with secondary antibodies: goat anti-rabbit Alexa Fluor 647,
and donkey anti-mouse Cy3b (1:1,000, 1 h at RT, in-house
custom labeling). After additional washing steps, cells were
post-fixed using 4% paraformaldehyde for 10 min at RT.
Samples were imaged using a Bruker Vutara SR200 Biplane
3D microscope (Bruker, Middleton, WI, USA) equipped for
single molecule localization microscopy (SMLM). Images
were analyzed using the proprietary software, Vutara SRX
software, and results transferred to Adobe Photoshop CS6,
and Image] (NIH).
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Autophagic flux evaluation

Platelets were treated with rapamycin, bafilomycin A; or its
vehicle control (DMSO). Platelets were lysed in Laemmli-
buffer, and samples were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and examined by western
analysis for LC3, and SQSTMI1/p62 expression pattern.
Proteins were detected by enhanced chemiluminescence
(ECL). Specific protein expression was normalized using
ACTB/actin expression and quantified using Image] (NIH).
Resulting data were interpreted as previously described
[47,106,107]. In brief, an increase in the levels of LC3-II
observed under septic conditions in the presence of bafilomy-
cin A;, compared with the treatment alone, is indicative of
some degree of flux in the cell system used. However, a
condition increasing LC3-II on its own that has no difference
in LC3-II in the presence of bafilomycin A; compared with
treatment alone may suggest a block in autophagy at the
terminal stages [44,47].

RNA isolation

Platelets were lysed in TRIzol (Thermo Fisher Scientific,
15,596,026), and RNA isolation was performed as previously
described [52,54].

Next generation RNA-sequencing

For next-generation RNA-sequencing (RNA-seq), 1 x 107 iso-
lated platelets were carefully lysed in TRIzol and DNase
treated. Total RNA was isolated, as previously described
[48,53,65,67,108]. An Agilent bio-analyzer 2100 (Agilent,
Santa Clara, CA, USA) was used to quantify the amount and
quality of the total RNA. RNA Integrity Number (RIN) scores
were similar between all samples. RNA-seq libraries were
prepared with TruSeq V2 with oligo-dT selection (Illumina,
RS-122-2001). Reads were aligned (Novoalign) to the refer-
ence genome at the time of these studies (GRCh37/hgl19) and
a pseudo-transcriptome containing splice junctions. The
Deseq2 analysis package was used to assign reads to compo-
site transcripts (one per gene) and quantitate fragments per
kilobase of transcript per million mapped reads/FPKMs. Gene
expression was considered significantly differentially
expressed if the false discovery rate was <0.05 and the log,
fold change was > 1.5.

PCR and real-time qPCR studies

To determine EPG5 and RAB7 mRNA expression pattern in
human platelets, primers flanking EPG5 (5-AACAGGT
CACCCACAAGGTG-3" and 5- GGGTAACCCATA
CTGTGGTC-3') and RAB7 (5'-GTTCCAGTCTCTCGGT
GTGG-3' and 5- AAGTGCATTCCGTGCAATCG-3') were
used (in-house synthesis) and PCR was performed. mRNA
expression was detected by qRT-PCR (iCycler, Bio-Rad,
Hercules, CA, USA), and expression levels were calculated
using the AACT method.
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Co-immunoprecipitation studies

For all modified protein Co-IP studies, the Magna RIP RNA-
binding protein immunoprecipitation kit (Millipore Sigma,
17-700) was used according to the manufacturer’s protocol.
In brief, 2 x 10’ total platelets were first lysed in 400 ul of
complete RIP lysis buffer. Next, lysates from 0.5 x 10 plate-
lets or MKs were used in each reaction. The magnetic beads
used for the IP reaction were either incubated with the anti-
body of interest (anti-LC3) or the respective IgG control for
30 min at RT. Co-IP was performed using the prepared beads,
the supplied buffer and 100 pl of the platelet cell lysate with
constant rotation overnight at 4°C. Beads were washed the
next days (x6), immobilized on a magnet, and the proteins
were eluted using Laemmli-buffer. Proteins were separated
using SDS-PAGE and western blot techniques as described
above.

Proximity Localization Assay colocalization studies (PLA)

Microscopy-based single recognition and colocalization stu-
dies were performed as previously described [53] using the
Duolink® in situ system (Millipore Sigma). In brief, unique
short DNA strands attached to secondary antibodies against a
single or two target proteins (PLA (+) and (-) probes) bind to
the primary antibodies. The oligonucleotides guide the for-
mation of circular DNA strands when bound in close proxi-
mity (< 40 nm). The DNA circles serve as templates for
localized rolling-circle amplification, allowing individual
interacting pairs of protein molecules to be visualized by
additional hybridization techniques [109]. Platelets were iso-
lated, fixed in suspension with paraformaldehyde (2% final)
and permeabilized for microscopy as described above. The
Duolink in situ kit was used as recommended by the manu-
facturer with the primary antibodies rabbit anti-EPG5 and
mouse anti-LC3B. One primary antibody was omitted or
nonimmune IgGs were used as negative controls. Secondary
anti-mouse (+) or (=) and anti-rabbit (+) or (-) antibodies
were used as PLA probes. After hybridization, ligation and
amplification, a detection solution containing fluorescent
probes was added. PLA signals were then detected by confocal
microscopy as described above.

Murine endotoxemia studies

Animal studies were approved by the University of Utah
Institutional Animal Care and Use Committee (18-
10,012). C57BL6/] mice were purchased from Jackson
Laboratory (8- to 12-weeks old). Endotoxemia was
induced in mice using by ip. injections of LPS from
Escherichia coli O55:B5 (5 mg/kg; Sigma-Aldrich, L6529).
Mice were pretreated with TAK-242 (3 mg/kg; Tocris,
6587/5), a specific TLR4 inhibitor [110,111], or vehicle
control (PBS containing 0.9% DMSO) by i.v. injections
1 h before LPS treatment. After 24 h, platelets were iso-
lated as described above and probed for total and phos-
phorylated MTOR and MAPKI1-MAPK3.
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Statistical analyses

The mean+SEM was determined for each variable. Student t-
tests or ANOVA (where multiple groups were compared) was
used to identify differences among two or multiple experi-
mental groups respectively (GraphPad Prism v7.0). If signifi-
cant differences were found, a Newman-Keuls post-hoc
analysis was used to determine the location of the difference
(applicable for ANOVA). Basic science data were also exam-
ined for normality using skewness and kurtosis tests. Non-
parametric distribution was detected for data presented in
Figure 2B, and data was analyzed using Wilcoxon Signed
Rank test. For all analyses, p-value <0.05 was considered
significant, and exact p-values are indicated for each figure
if significance was detected.
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