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Hematopoietic stem cells surrender organelles during differentiation, leaving mature red
blood cells (RBC) devoid of transcriptional machinery and mitochondria. The result-
ant absence of cellular repair capacity limits RBC circulatory longevity, and old cells are
removed from circulation. The specific age-dependent alterations required for this appar-
ently targeted removal of RBC, however, remain elusive. Here, we assessed the function of
Piezo1, a stretch-activated transmembrane cation channel, within subpopulations of RBC
isolated based on physical properties associated with aging. We subsequently investigated
the potential role of Piezol in RBC removal, using pharmacological and mechanobio-
logical approaches. Dense (old) RBC were separated from whole blood using differential
density centrifugation. Tolerance of RBC to mechanical forces within the physiological
range was assessed on single-cell and cell population levels. Expression and function of
Piezol were mvestlgated in separated RBC populations by monitoring accumulation of
cytosolic Ca™ and changes in cell morphology in response to pharmacological Piezol
stimulation and in response to physical forces. Despite decreased Piezol activity with
increasing cell age, tolerance to prolonged Piezol stimulation declined sharply in older
RBC, precipitating lysis. Cell lysis was immediately preceded by an acute reversal of den-
sity. We propose a Piezol-dependent mechanism by which RBC may be removed from
circulation: Upon adherence of these RBC to other tissues, they are uniquely exposed to
prolonged mechamcal forces. The resultant sustained activation of Piezol leads to a net
influx of Ca™", overpowering the Ca**-removal capacity of specifically old RBC, which
leads to reversal of ion gradients, dysregulated cell hydration, and ultimately osmotic lysis.

red blood cells | mechanotransduction | Piezo1 | calcium signaling | hemolysis

Red blood cells (RBC), the oxygen carriers in mammalian blood, continuously traverse the
cardiovascular system for around 120 d (1, 2). During these ~120 d of vascular transit, RBC
undergo a progressive decline of metabolic function, culminating in removal by macrophages
(3-5). Impaired metabolism is of specific relevance in RBC, given that precursor cells eject
their nucleus, mitochondria, and other organelles, leaving mature erythrocytes exclusively
reliant on glycolytic ATP generation (6). As a result, RBC exhibit progressively decreased
resting cytosolic ATP concentration and capacity for metabolic flux with increasing age
(7-10). Given the large dlﬂ:erence in calcium-ion concentration [Ca’ ] between the RBC
cytosol (30 to 90 nmol L~ " and the suspending plasma [>1.5 mmol L' (1 1)], opening of
cation channels results i in acute and significant increases of intracellular [Ca 1lie., (Ca2+) ].
Removal of cytosolic Ca® against this substantial concentration gradient occurs exclusively
through plasma membrane calcium ATPases (PMCA) and requires ATP hydrolysis. Outward
transport of Ca”" is thus a profound threat to cellular homeostasis, particularly for older
cells, which exhibit diminished PMCA activity (10) due to impaired metabolic capacity and
decreased basal ATP availability (12-14).

Aging of RBC is also associated with a progressive increase in density, which allows for
separation of RBC subpopulations according to their density (15). This denmﬁcatlon is
primarily attributed to the Gérdos effect, driven by an accumulation of [Ca®]; due to
recurrent transient increases of [Ca’ *]; during each capillary transit (16-18). Increases in
[Ca® "], activate the calcium-activated potassium channel K,3.1 (i. e the “Gdrdos channel),
which is sensitive to mild increases in [Cal2+]i [~0.1 pmol L™ activation threshold;
(10, 19)]. Activation of the Gardos channel results in K'-eflux that drives loss of intra-
cellular water due to local osmotic gradients, resulting in decreased cell volume (20).

Recent advances support that the Gdrdos effect may be triggered acutely by transient
mechanical cues following activation of mechanically gated ion channels (21, 22).
Circulating RBC express the bona fide mechanosensory protein Piezol, which has been
implicated in regulation of RBC volume and nitric oxide metabolism by initiating Ca®*
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signaling (21-23). Gain-of-function mutations in the gene encod-
ing Piezol have been increasingly associated with anemias char-
acterized by accelerated clearance of RBC, indicating that Piezol
may play a role in regulating the targeted and timely removal of
RBC from circulation (24, 25). While recent computational stud-
ies provide compelling evidence to support that Piezol is involved
in regulating circulatory longevity of RBC (16), and indeed drives
their aging patterns [e.g., promotes densification (26)], experi-
mental evidence has not yet been provided. The aim of the present
study was thus to examine the tolerance of subpopulations of RBC
isolated based on their density to Ca®* loading, assess the expres-
sion and function of Piezol in these subpopulations, and inves-
tigate the sensitivity of these cells to sustained mechanical stress
and Piezol activation.

Results

Density-Separated Subpopulations of RBC Exhibit Distinct Cellular
Properties. Hematological data of the three RBC subpopulations
(i.e., young, middle, and old cells) obtained from healthy donors
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and the respective unfractionated control RBC populations are
presented in Fig. 1. The most dense RBC fraction (i.e., old cells)
had significantly lower mean cell volume (MCV) when compared
with the other fractions (all P < 0.05; Fig. 1B). No differences in
red cell distribution width (RDW) or red cell distribution width SD
(RDW-SD) were observed (Fig. 1 Cand D). HbA,  was significantly
increased in the old fraction of RBC when compared with the young
fraction (P < 0.05; Fig. 1E). Further, cell deformability, expressed as
elongation index assessed at specific fluid forces (i.c., shear stresses)
of old RBC was significantly lower than that of unfractionated,
young, and middle RBC over a broad range of physiologically
relevant shear stresses (0.94 to 9.09 Pa; P < 0.05; Fig. 1F).

Old RBC are Sensitive to Calcium-Dependent Lysis During
Prolonged Mechanical Stimulation. Changes in RBC
subpopulation properties prior to and following prolonged
mechanical stimulation at 10 Pa for 300 s in the absence, or
presence, of plasma-equivalent calcium content (2 mmol L™
CaCl,) are presented in Fig. 2. Basal deformability of old RBC

was lowest when compared with young and middle fractions
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Fig. 1. Characterization of hematological, physical, and biochemical parameters of three red blood cell (RBC) subpopulations separated based on distinct densities.
A representative result of the density fractionation process demonstrates the two distinct bands that were typically visible when separating RBC (A). RBC with
densities of 1.066 g mL™" and lower were extracted and labeled as the “young” cell fraction, RBC with densities between 1.066 and 1.069 g mL™" as the “middle”
fraction, and RBC with densities greater than 1.071 g mL™' were considered “old” cells. Hematological characteristics of RBC subpopulations (i.e., unfractionated,
“Unfrac”; Young; Middle, and; Old) were assessed using an automated analyzer (B-D); n = 8 blood samples obtained from distinct donors. The concentration of
glycated hemoglobin relative to total hemoglobin was measured using a sandwich ELISA (E).; n = 3 to 5 blood samples. P values were calculated using one-way
ANOVA with Dunnett's multiple comparisons test. Cellular deformability was measured under fluid shear stresses between 0.3 to 50.0 Pa using an ektacytometer
(F; n =8 blood samples. P values were calculated using two-way ANOVA. “P < 0.01 and "P < 0.05 between designated pairs. *Significant differences between
unfractionated and old RBC; significant differences between young and old RBC; “significant differences between middle and old RBC.
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Fig. 2. Prolonged mechanical force application of 10 Pa for 300 s induces red blood cell (RBC) lysis, especially of old cells, in a calcium-dependent manner. All
parameters were measured prior to (“Pre”) and immediately following (“Post”) mechanical stimulation. Stimulation was carried out in an identical manner using
isotonic shearing media (left column) or shearing media supplemented with 2 mmol L™ calcium chloride (right column, unless noted otherwise). Changes in RBC
deformability are presented as an integrated index (SSy 5:El..« A and B) and as elongation measured under 10 Pa of fluid shear stress (El,,; C and D). Destruction
of RBC as a result of mechanical stimulation was defined as release of hemoglobin into the shearing medium (i.e., hemolysis; £ and F), while changes in cell
volume are shown for RBC subpopulations sheared in the presence of calcium chloride (G). Correlation analyses relate the extent of hemolysis with change in
SSo3:Elmax for individual “Pre” and “Post” blood samples (H and /). P values of Pre-Post comparisons were calculated using paired t tests. P values in E and F were
calculated using one-way ANOVA with Bonferroni's post hoc test. ***P < 0.0001, P < 0.001, “P < 0.01, and P < 0.05 between designated pairs. Data presented
as means + SD; n = 8 blood samples obtained from distinct donors.
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(i.e., reflected by high values of SS 5:EI, .., A,B; lowest values
of EI, C,D). Cellular deformability of all RBC subpopulations
significantly increased (P < 0.05; Fig. 2 A-D and SI Appendix,
Fig. S2) following mechanical stimulation (“Post”), relative to
unstimulated baseline values (“Pre”). This improvement was
most pronounced in the old cell subpopulation, particularly
in the presence of 2 mmol L! CaCl, (Fig. 2 B, D and G).
Further, substantial improvements in cellular deformability
following mechanical stimulation were accompanied by
significantly greater lysis of the old RBC subpopulation, when
compared with those of unfractionated, young, or middle
RBC populations (Fig. 2F), which occurred in concert with
significantly increased MCV (Fig. 2G). Mechanical stimulation
in the absence of extracellular CaCl,, however, precipitated no
difference in hemolysis (Fig. 2E).

Accordingly, there was no significant association between
hemolysis levels following mechanical stimulation without CaCl,
and corresponding improvements in RBC deformability (i.c.,
reflected by decreases in SS 5:EIL,, ;s R = 0.12, P >0.05; Fig. 2H).
When stimulated in the presence of 2 mmol L™ CaCl,, however,
hemolysis was strongly and significantly associated with corre-
sponding changes in SS, ;:EI, . (R = 0.49, P < 0.0001; Fig. 21).

Given the improvements in cell population properties coincid-
ing with lysis of some RBC, we hypothesized that those cells
closest to the end of their lifespan (i.e., those with the most unfa-
vorable mechanical properties) were most sensitive to prolonged
mechanical stimulation in the presence of extracellular Ca®*
Piezol, a widely expressed stretch-activated cation channel that is
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also present in the RBC membrane (22), appears to be the primary
transducer of mechanically activated signaling in this cell type (27,

28). Thus, we aimed to test whether old RBC were less capable of
sustaining Piezol-induced increases in [Ca s
Calcium-Handling Capacity is Impaired in Old RBC Despite
Decreased Piezo1 Abundance. The basal fluorescent intensity of
the Ca*"-sensitive fluorescent probe Fluo-4 was highest in RBC
obtained from the middle fraction, while old RBC exhibited the
lowest intensity (P <0.01; Fig. 34). Following stimulation of RBC
with 15 pmol L™ Yodal (81 Appendix, Fig. S3), RBC presented
with dramatically increased fluorescent intensity, irrespective of
cell age. Sustained exposure to Yodal resulted in pronounced
increases of fluorescent intensity in young RBC, when compared
with old (P < 0.01; Fig. 3B). Young and middle RBC exhibited
a decrease in fluorescent intensity following the initial increase
in Fluo-4 fluorescence caused by acute Yodal exposure, while
Fluo-4 fluorescence in old RBC failed to decrease during this
period (Fig. 3C). Piezol abundance was then examined using in
old and middle RBC relative to that of the youngest RBC using
immunofluorescence with Piezol-specific primary antibodies
(SI Appendix, Fig. S4). Relative abundance of Piezo! significantly
decreased in old RBC when compared with younger cells (P <
0.05; Fig. 3D). Given that pharmacological opening of Piezol
channels may mechanistically differ from opening induced by
mechanical forces, we next aimed to examine whether stretch-
induced changes in [Ca*]. of individual cells were different

i

between the RBC subpopulations.

Middle

Control

Middle

Fig. 3. Red blood cell (RBC) subpopulations of different in vivo ages exhibit altered calcium-handling capacity. Fluo-4 fluorescent intensity was measured in resting
RBC following gradient-density separation (A; P values were calculated using Friedman’s test with Dunn’s multiple comparisons), and after 10 min of incubation
with the Piezo1-specific activator Yoda1 (B; P values were calculated using one-way ANOVA with Bonferroni's post hoc test), n = 7 blood samples obtained from
distinct donors. Dynamic changes in the fluorescent intensity of RBC subpopulations were tracked immediately following stimulation with Yoda1 (15 umol L™"; 0),
n =6 blood samples. P values were calculated using two-way ANOVA. Changes in abundance of Piezo1 visualized by immunofluorescent staining are expressed
relative to young cells, which reflect the maximal relative abundance (D; P values were calculated using Friedman's test with Dunn’s multiple comparisons), n =

4 blood samples. °Significant differences between young and old;
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®significant differences between middle and old. *P < 0.01 and “P < 0.05.
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Calcium Influx Through Mechanically Activated lon Channels
is Decreased in Old RBC. Micropipette aspiration was employed
to assess calcium flux during entry into a narrow aperture (2
um), which forces deformation of the cell membrane (Fig. 44).
Individual RBC of the distinct subpopulations loaded with Fluo-4
were aspirated into the pipette at a constant pressure of -5 mmHg
(Fig. 4 B and C). During pilot testing, it was confirmed that
aspiration of RBC at this pressure in a buffer without added Ca®*
did not cause cellular abnormalities or cell lysis to confirm that
observed changes were not related to purely mechanically induced
cell damage (S7 Appendix, Fig. S5). Increases in Fluo-4 fluorescence
during deformation were significantly greater in young (~1.8-fold,
P < 0.0001; Fig. 4D) and middle RBC (~1.4-fold, P < 0.01;
Fig. 4D) when compared with old RBC (~1.1-fold). Inhibition
of mechanically sensitive channels through treatment of young
RBC with 3.3 uM GsMTx4 completely abrogated the increase
in fluorescence during aspiration (2 < 0.0001; Fig. 4D and Movie
S3). Of note, GsMTx4-treated cells were rigid and thus exhibited
significantly shorter tongue length when aspirated into the pipette

(Fig. 4 Cand E).
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Next, we aimed to assess whether the distinct Piezol sensitivity
and Ca”*-handling capacity of the isolated RBC subpopulations also
translated to distinct morphological responses to Piezol-dependent
Ca*" influx. Given that these effects are not visible during micropi-
pette aspiration, we employed the Piezol-specific activator Yodal
in a static model.

Sustained Piezo1 Stimulation Causes Systematic Alterations
in Cell Morphology. Treatment of RBC with 15 umol L™ of
the Piezol activator Yodal caused significant changes in cell
morphology irrespective of RBC age (Fig. 5). Cells exhibited
significantly increased sphericity (Fig. 5C; all 2 < 0.0001),
decreased area (Fig. 5D; all P < 0.0001), and increased solidity
(Fig. 5F; all P < 0.0001) following Yodal exposure. Changes
in these morphological parameters were most pronounced at 2
min of treatment, and further exacerbated at 5 min, although
differences between 5 and 10 min appeared mild. Further, while
overall changes in morphological features of RBC obtained from
the different subpopulations appeared to follow a similar trend,
we observed differences in kinetics between them. For example,

==
|

]

Fig. 4. Calcium flux into individual red blood cells (RBC) ob-
tained from density-separated subpopulations during aspi-
ration into a micropipette. A custom-developed micropipette
aspiration apparatus was used to visualize mechanics and dy-
namic changes in calcium content of individual RBC undergoing
deformation during aspiration into the 2-um pipette tip (A). The
fluorescent intensity of RBC loaded with the fluorescent calcium
indicator Fluo-4 was measured at baseline (B) and during full as-
piration into the micropipette operated at a suction pressure of
-5 mmHg (C). The relative increase in fluorescence during aspira-
tion over baseline levels was calculated for RBC of the different
subpopulations, while young RBC treated with the mechanically
sensitive channel inhibitor GsMTx4 served as negative control
(D). P values were calculated using the Kruskal-Wallis test with
Dunn’s multiple comparisons. GsMTx4-treated cells exhibited
substantially increased membrane rigidity and were thus not
aspirated fully into the pipette at the pressure of -5 mmHg (E).
n = 27 to 32 individual RBC from at least two distinct blood
donors. (Scale bars, 5 um.) ™P < 0.0001 and "P < 0.01.
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changes in the cell area of young RBC with 10 min of Yodal
treatment followed a near-linear pattern, while changes in cell
area of old RBC were significantly more pronounced during the
first 2 min of exposure (Fig. 5B; P < 0.0001), followed by only a
minor exacerbation until 10 min of treatment. Of note, following
10 min of Yodal exposure, ghosts were observed predominantly
among old RBC (Fig. 5B; arrow).

https://doi.org/10.1073/pnas.2407765121

A stepwise increase in sphericity of young RBC was observed
within 5 min of Yodal treatment, which then plateaued (Fig. 5C),
while middle and old RBC exhibited a partly reversal of the initial
increase in sphericity following 10 min of Yodal exposure (both
P <0.01). Moreover, young RBC exhibited a stepwise decrease in
area after 2, 5, and 10 min of Yodal treatment (Fig. 5D; all P <
0.0001), while middle and old RBC presented with a steeper, less
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gradual decrease. Old RBC had significantly elevated solidity at
0 min (2 < 0.0001) over young and middle RBC. With Yodal
exposure solidity increased within all subpopulations. Young and
old RBC showed a reversal of the initially observed increase
between 5 and 10 min of treatment (P < 0.01; Fig. 5E).

Given our initial observation of increased lysis susceptibility of
old RBC in response to mechanical forces (Fig. 2) despite less
pronounced Piezol-dependent Ca™* influx (Figs. 3 and 4), and
the diminished capacity of old RBC to export Ca** (Fig. 30)
leading to acute and pronounced cell shrinkage (Fig. 5 B and D
and S Appendix, Fig. S3C), we aimed to directly characterize the
RBC %ysis process brought on by sustained Piezol-induced entry
of Ca™".

Calcium-Dependent Lysis of Old Erythrocytes is Preceded by
Acute Cell Swelling. During prolonged exposure of RBC to 15
umol L™ Yodal, accumulation of cytosolic Ca®* was observed in
concert with cell shrinkage (Fig. 5D and 6C). In the intermediate
stage between high-density, low-volume spherocytes and ghost
formation, however, continued accumulation of cytosolic Ca*
eventually led some RBC within the old fraction to rapidly swell
immediately prior to releasing cell contents, and fluorescence
diminishing completely, indicating cell lysis (Movie S1). Further,
Fluo-4 loaded RBC aspirated into the 2-pm micropipette tip
(Fig. 4) held at a constant negative pressure exhibited a swelling
and lysis response (Movie S2) identical to that observed in response
to pharmacological Piezol activation (Movie S1).

Direct observation of cell lysis in response to prolonged exposure
to Yodal confirmed that old RBC were significantly more sensitive
to lysis due to Ca”* influx when compared with young cells (Fig. 64;
P < 0.0001). Further, inhibition of PMCA with vanadate signifi-
cantly prolonged time to lysis, irrespective of cell age (Fig. 6B; P <
0.05). When Ca**-induced lysis was brought on pharmacologically
(i.e., via Yodal), Fluo-4 fluorescence immediately increased in a
nonlinear manner; however, when brought on mechanically (i.e.,
via micropipette aspiration), Fluo-4 fluorescence initially increased
at a significantly slower rate (Fig. 6C; P < 0.05) before then follow-
ing a nonlinear pattern similar to that observed with Yodal treat-
ment, until lysis. Of note, cell swelling in RBC aspirated with the
micropipette appeared to coincide with the sharp increase in Fluo-4
fluorescence noted at ~40% time to lysis (Fig. 6C).”

Discussion

Using a combination of pharmacological and mechanical stimu-
lation of mechanosensitive cation channels on both bulk and
single-cell levels, we provide evidence to support that some dense
RBC are exceptionally susceptible to lysis following increased
[Ca®];. Tt appears that susceptible RBC exhibit an impaired tol-
erance to increased [Ca®*],, despite an apparent loss of Piezol in
these same cells. It may be that this progressive loss of Piezol from
RBC serves to balance the impaired Ca”* tolerance. Once these
cells are poised for removal from circulation, prolonged exposure
to mechanical forces, such as during splenic transit, may promote
an overload of [Ca2+]i, thus facilitating lysis and ghost formation.
We hypothesize that sustained Piezol activation through pro-
longed exposure to mechanical forces (e.g., when old RBC adhere
to the extracellular matrix of the spleen) rapidly drains cellular
ATP by forcing substantial PMCA-activity to export cytosolic
Ca?*-under physiological conditions, the PMCA in RBC operates
well-below maximal capacity (13). Resultant activation of the
Gdrdos channel causes K'-efflux and induces cell shrinkage. Once
metabolic capacity is insufficient to fuel the Na'-K'-ATPase, a
rapid swelling event caused by influx of Na* results in acute lysis
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(Movies S1 and S2). While this hypothesis (Fig. 6D) is supported
by the present data and compatible with recent advances (29, 30),
in vivo experiments will be required for validation, although the
fundamental physiological differences between typical animal
models (e.g., mice (31)) and humans present challenges.

Hemolysis under low mechanical forces in the presence of extra-
cellular Ca®* has previously been observed (17), and it was reported
that the remaining cells exhibited superior mechanical properties,
when compared with an untreated blood sample (32). The present
findings indicate that old RBC are particularly sensitive to lgisis
during prolonged mechanical force exposure only when Ca™ is
present, thus precipitating a surviving cell population that exhibits
significantly improved cellular deformability (P < 0.05; Fig. 2 B
and D) and increased MCV (P < 0.05; Fig. 2G). The Ca™*-
dependent removal observed here may thus be selective for RBC
with unfavorable cell mechanics (e.g., old RBC), and we hypoth-
esize that this may present a mechanism through which RBC are
removed from circulation at the end of their lifespan.

Old RBC exhibit decreased Ca** extrusion rates (10, 33), likely
related to decreased metabolic capacity and a lower basal ATP
content (7, 8, 34). It is plausible that these metabolic deficits
underpin our observation that old RBC accumulated [Ca™]; fol-
lowing stimulation with Yodal, while RBC from other fractions
did not (Fig. 3C). Old RBC also exhibited morphological changes
at lower Yodal doses and exposure times when compared with the
other fractions (Fig. 5 and S/ Appendix, Fig. S2). Prevention of
ATP depletion with pyruvate significantly depressed the
Yodal-dependent increase in [Ca*] . (ST Appendix, Fig. S6), indi-
cating that the initial rate of Ca®* export viz PMCA is dependent
upon the metabolic state of the cell. Moreover, although Piezol
stimulation was standardized (i.e., Yodal concentration and suc-
tion pressure of the micropipette aspiration apparatus), RBC sub-
populations exhibited distinct responses. It was unexpectedly
observed that old RBC generally responded with a less pronounced
influx of Ca®* when stimulated with a range of Yodal concentra-
tions (Fig. 3B and S Appendix, Fig. S2) or directly exposed to
mechanical force via micropipette aspiration (Fig. 4D), which may
plausibly be due to age-dependent loss of membrane-bound
Piezol (Fig. 3D). Given the absence of translational processes, it
appears that RBC may actively release Piezol (e.g., through exo-
cytosis); however, additional evidence is required to ascertain this
hypothesis. Alternatively, it is also possible that existing Piezol
channels decline in function with increasing cell age, or lose sen-
sitivity to activation, resulting in overall diminished cellular Ca*
transport capacity. We have previously shown that formation of
disulfide bridges may directly interfere with Piezol-dependent
Ca®* movement (23), and it is well known that oxidative modifi-
cations are increasingly prevalent in old RBC (35).

Despite the obvious clinical relevance of hemolysis, the precise
mechanisms underlying this process are surprisingly poorly
resolved [for a recent review, see ref. 36]. Our observations indicate
that within the carefully isolated old RBC population (bottom
1% of RBC separated by density processing), only ~0.5% of cells
are sensitive to lysis following acute Piezol-induced uptake of
Ca’*"and swelling (Fig. 64), which equates to 0.005% of all RBC.
This figure is remarkably consistent with the number of RBC that
would be turned over during splenic transit in the average healthy
adult male [0.003 to 0.008%; (37, 38)], considering typical
splenic perfusion (39). Direct Ca**-dependent lysis of RBC has
not been reported as a physiological mechanism (14), but as a
commonly observed experimental by-product (40-42). Given the
low number of highly susceptible RBC present in a typical blood
sample, however, it is possible that these cells are lost during
processing.

https://doi.org/10.1073/pnas.2407765121

7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407765121#supplementary-materials

Downloaded from https://www.pnas.org by "DKFZ-HGF, DEUTSCHES KREBSFORSCHUNGSZENTRUM BIBLIOTHEK W500" on October 9, 2024 from | P address 146.107.213.240.

* *
A B —
10+ 1000+
--- Young
81 — oud 800+
& ] P<0.0001 2
» % 600
‘D =
= 2 400
= < ]
S £
=
200
T T T I 1 0 1 T 1 T
0 200 400 600 800 1000 Young Young+ Old Old +
. Vanadate Vanadate
Time (s)
100
9
o 80
o
C
8 60 g
03 . Swelling
High S 404:
ca®* = .
‘é 20F — Yodat ‘
o — Micropipette }
Low 0 T T T T 1
Ca 0 20 40 60 80 100

Time (%)

0] Il. < IV

Young RBC

Kca3.1 KCQS 1 PMCA \ Piezo1 Piezo1 Calmodulln NHE-1
(closed) (open) (closed) (0P9">

Fig. 6. Prolonged influx of calcium ions into old red blood cells (RBC) directly leads to cell lysis. Lysis of young and old RBC exposed to 15 umol L' Yoda1 was
monitored for up to 1,000 s, yielding lysis probability of each subpopulation, which was statistically compared using Kaplan-Meier analysis (A). n = 594 to 826
individual RBC from three distinct blood donors. Further, time to lysis of individual young and old RBC was measured and compared with lysis time of young
and old RBC pretreated with the plasma membrane calcium pump (PMCA) inhibitor vanadate (B) using Mann-Whitney U tests. n = 13 to 55 individual RBC from
three distinct blood donors. The fluorescent intensity of individual RBC isolated from the old cell fraction loaded with the calcium-sensitive fluorescent dye Fluo-4
was recorded until lysis during exposure to 15 umol L™ Yoda1 (A) or during aspiration into a 2-um micropipette tip (C). n = 5 to 10 individual RBC from three
distinct blood donors. Representative images of cells measured at different intervals of the lysis process are shown alongside traces of second-by-second mean
fluorescent intensity obtained from all lysed RBC. Comparisons were performed using two-way ANOVA. “P < 0.05. (Scale bars, 5 um.) The hypothesized mechanism
of RBC lysis is depicted in a schematic (D). Old RBC, which are highly adhesive due to expression of activated Lu/BCAM (purple mesh), bind to splenic laminin-a5
and remain attached (/). Younger nonadhesive RBC may temporarily adhere, however, will likely return to the bloodstream due to the fluid forces acting on
these cells overpowering adhesion forces. Prolonged exposure to fluid shear forces as blood flows past the adhered old RBC activates mechanosensitive cation
channels like Piezo1, prompting influx of calcium ions (Ca"). Sustained opening of Piezo1, and thus influx of Ca®", requires activation of PMCA at the expense of
adenosine triphosphate (ATP) hydrolysis. Further, increased concentration of cytosolic Ca®" activates the calcium-activated potassium channel K¢,3.1. Activation
of K¢,3.1 results in efflux of potassium ions (K*), which cause a change in osmotic pressure that drives water out of the cell, shrinking it (//). The RBC remains
in this balanced state until ATP content is insufficient to facilitate removal of Ca*" entering due to sustained Piezo1 opening. Once ATP is depleted, however,
the sodium (Na*)-K* pump is unable to maintain ionic gradients, and Na* enters the cell, causing a reversal of the osmotic gradient. Entry of Na* causes a rapid
swelling of the old RBC due to reversal of osmotic gradients and uptake of water (///). Rapid, uncompensated uptake of water ultimately swells the cell until lysis
occurs (/V), releasing cytosolic contents and thus leaving behind the RBC ghost.
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Clinically, gain-of-function mutations of P/EZO] in humans
have been linked with premature clearance of RBC and thus
anemia (24, 25, 43). Further, pathologically increased [Ca® s
considered a driving force behind accelerated in vivo aging of
RBC in several hereditary anemias, thus facilitating premature
clearance of still-intact, but fragile RBC (44). Indeed, both a
lowered activation threshold and slowed inactivation of Piezol
channels would exacerbate Ca®* entry during each capillary

https://doi.org/10.1073/pnas.2407765121

transit. Excessively increased [Ca”*]; accelerates RBC aging, thus
producing a greater number of RBC that are susceptible to
removal, while also directly promoting clearance of younger
RBC, ultlmately facdltatmg anemia.

Increased [Ca® *]; has been reported to increase osmotic fragility
of healthy RBC not due to altered cell volume, but through caus-
ing membrane area loss due to exovesicle production (40, 45).
Sustained Piezol activation through Yodal exposure was observed
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to cause membrane blebbing and production of exovesicles under
the conditions studied here (57 Appendix, Fig. S7). In a recently
proposed model of erythrophagocytosis (30), it was suggested that
old RBC attach to the splenic architecture viz adhesion molecules
(46)—a process potentially facilitated by Gdrdos channel activation
— where subsequent exposure to prolonged mechanical force
induces vesicle generation, and eventually ghost formation (29).
Slow in vivo transit times of old RBC due to impaired cell deform-
ability (47) and decreased capacity of these cells for shrinkage in
response to mechanical forces may facilitate prolonged attach-
ment. This prolonged mechanical stimulation of RBC in vivo is
unusual in the context of normal circulatory transit, given the
typically short and dynamic mechanical stresses experienced by
cells during rapid microcirculatory passage (48), and may coincide
with RBC removal.

We provide evidence to support some components of this
hypothesis: We observed that old RBC are more susceptlble to
lysis under mechanical shear in the presence of Ca®* than younger
cells; old RBC present with impaired capacity to handle large
increases in [Ca”"]; induced by Piezo1 activation (i.e., mechanical
force), which trlgger the Gdrdos effect; and significant production
and release of extracellular vesicles occurs in response to sustained
Piezol activation (S Appendix, Fig. S7). Interestingly, while Yodal
exposure initially resulted in RBC shrinkage, immediately preced-
ing lysis, a rapid swelling response was observed (9) (Mov1es S1
and S2). We pose the hypothesis that the sustained Ca™ influx
via Piezo] caused by prolonged mechanical force exposure, which
only occurs when RBC are in a slow-transit and high-shear region
like the splenic sinusoids, rapidly drains cellular energy (i.e., ATP).
Once ATP is insufficient to fuel active transport, uncompensated
inward leakage of Na" facilitates entry of water and cell swelling
until membrane rupture (Fig. 6.D); this is supported by the obser—
vation that swelling coincides with a strong acceleration in Ca®*
uptake (Fig. 6C). The kinetics of this process would be in the order
of minutes, which is likely more reflective of residence times than
previous models that proposed proteolytic digestion of the mem-
brane secondary to ion leakage (30). Subsequently, the resident
splenic macrophage population is equipped to recycle the released
hemoglobin locally, thus preventing excessive levels of free hemo-
globin into the plasma (49).

Recent advances support that transient receptor potential vanil-
loid type 2 (TRPV2), another cation channel that may be mech-
anosensitive, is also expressed in mammalian RBC (50, 51).
Whether channels of the TRP family are inherently mechanosen-
sitive (52, 53) or rather act downstream of mechanosensors like
Piezol (54) remains to be determined, although recent evidence
supports the latter [reviewed in (55)]. Further, while pharmaco—
logical stimulation of TRPV2 was shown to facilitate Ca** influx
into RBC (5 1), evidence of TRPV2-dependent mechanically
induced Ca** influx is yet to be provided. Given that the inhibitory
peptide GsMTx4 is not specific for Piezol, but rather inhibits
most known mechanosensitive ion channels (56), it is possible
that cation channels other than Piezol are involved in the mechan-
ical force-dependent Ca**-induced lysis mechanism proposed here
(Fig. 6D). Future studies employing genetic models should dispel
residual doubts about the molecular identity of mechanosensitive
channels involved in RBC responses.

Methods

Blood Sample Collection. Participants were healthy, male volunteers, who had
not provided a large-volume blood donation (i.e., 450 mL) within 3 mo, and were
not taking medication. Written and informed consent was obtained, and blood
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samples were collected from the antecub|ta| region into tubes containing ethylen-
ediaminetetraaceticacid (1.8 mgmL™ Al experimental procedures were reviewed
and approved by the Human Research Ethics Committee of Griffith University
(2020/093, Gold Coast, Australia) and align with the Declaration of Helsinki. All
experimental procedures were completed within 6 h of blood collection.

Sample Processing and Density Separation of Erythrocyte Subpopulations.
RBC were isolated by centrifugation at 1,500 x g for 10 min and then washed three
times with an isotonic phosphate-buffered salme (PBS) solut|0n supplemented
with bovine serum albumin (BSA; 0.8 g mL™ "Yand 5 mmol L™ glucose (GASP;
pH = 7.4 + 0.05, 290 + 5 mOsmol-kg™"). RBC were resuspended inaserum
albumin-HEPES buffer (SAH; pH = 7.1 + 0.05; 26 g L™" albumin) and layered
upon a gradient of Percoll-SAH mixtures of distinct densities (1.063, 1.066,
1.069,and 1.071 g mL™"). Separation was achieved by centrifugation at 3,260x g
for 40 min at room temperature (57). Three distinct RBC subpopulations were
isolated based on their densities (Fig. 14; “light," "middle” and “dense” fractions;
in the following referred to as "young," "middle" and "old" RBC), washed with
GASP-buffer, and then used in subsequent analyses.

Hematological Analysis and Glycated Hemoglobin Concentration.
Hematological parameters of isolated RBC subpopulations were analyzed using
an automated cell counter (DxH 500, Beckman Coulter, Brea). The same device was
also used to monitor mean cell volume (MCV) following mechanical force exposure.

Glycated hemoglobin (HbA1c) was measured using the Human Hemoglobin
Alc ELISA Kit (ab289836; Abcam, Melbourne, VIC, Australia) according to the
manufacturer's instructions and normalized to total hemoglobin concentration.

Erythrocyte Deformability and Bulk Mechanical Stress Application. A rota-
tional Couette-type ektacytometer (LORCA, MaxSis, Mechatronics Instruments
B\., Zwaag, The Netherlands) was used to quantify cellular deformability (58)
and expose RBC to well-controlled shear stress (17,59, 60) (i.e., 10 Pafor 300 s)
at37 = 0.2 °C. Isolated RBC were resuspended in a viscous polyvmylpyrrohdone
solution (PVP 360 kDa dissolved in PBS; pH = 7.4 +0.5,290 = 5 mOsmol- kg ,
viscosity = 30.0 = 0.5 mPa s) at a hematocrit of 0.005 LL™". For some experi-
ments, the PVP solution also contained calcium at a plasma-equivalent concen-
tration (i.e., 2 mmol L™" CaCl,).

Free Hemoglobin Concentration. Immediately following shear stress expo-
sure, RBC-PVP suspensions were collected from the cup of the shearing device.
The supernatant was collected following centrifugation at 3,000xg for 10 min
and diluted in 0.01% Na,CO; solution ata 1:1 ratio. Free hemoglobin concentra-
tion was measured using the Harboe method (61). A positive control was prepared
by lysing 0.005 LL™" RBC in distilled water, and hemolysis values were calculated
relative to this positive control to facilitate interpretation.

Live Cell Calcium Imaging. Changes in [Ca“]i were monitored using Fluo-4
(62). Isolated RBC were washed thrice with Tyrode's buffer containing 10 mmol
L~"HEPES and glucose, respectively, and then loaded with 5 umol L™" Fluo-4 AM
(23). For some experiments, 5 mmol L™" sodium pyruvate was included in the
Fluo-4 loading medium to prevent depletion of cellular ATP (S/ Appendix, Fig. S6).
For other experiments, Fluo-4 loaded RBC were incubated with 1 mmol L™
of the PMCA-inhibitor sodium orthovanadate for 30 min at room temperature.
Loaded RBC were transferred onto coverslips and incubated at room temperature
for 15 min to allow for cell sedimentation and de-esterification of the dye. The
fluorescent intensity was recorded during exposure to an argon laser (excitation
2 = 488 nm/emission A = 508 nm). RBC were then incubated with 15 umol L™
of the Piezo1-specific activator Yoda1 for 10 min. Immediately following Yoda1
exposure, images of one region of interest were captured with a frequency of
0.067 Hz for up to 10 min.

Micropipette Aspiration. The micropipette aspiration rig was custom developed
(63) and is described in more detail in SI Appendix, Supplementary Materials.
Briefly, elongated glass pipettes with inner diameters comparable to those of
small capillaries (2 to 3 um) were manufactured from borosilicate capillary tubes.
Fluo-4-loaded RBC were aspirated through the narrow plgette tip, forcing elon-
gation. Changes in fluorescent intensity, reflective of [Ca®*], and cell behavior
during deformation were visualized using an inverted microscope (IX73, Olympus
Corporation, Japan) coupled to a high-speed CMOS camera (optiMOS sCMOS,
Qlmaging, Surrey, SA, Australia).
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Immunofluorescent Detection of Piezo1. Following density fractionation of
young, middle, and old RBC subpopulations, autologous plasma was added to
each RBC subfraction to produce 0.4 L L™" cell suspensions. RBC were fixed in
4% PFA for 20 min, and blood smears were produced as previously described
(64, 65). The immunofluorescent detection protocol was as described in (65).
Primary antibody was directed against the Piezo1 extracellular domain (rabbit
polyclonal; 1:500; Cat no.: 15939-1-AP, Proteintech Group Inc., Rosemont) and
detected using goat anti-rabbit secondary antibody (1:400 dilution; Alexa Fluor
568, Thermo Fisher, Scoresby, Australia). Imaging of fluorescently labeled Piezo1
was performed using the inverted microscope at 600-fold magnification (excita-
tion A = 594 nm/emission A = 614 nm).

Data analysis. Raw EI-SS curves were parameterized using a nonlinear version
of the Lineweaver-Burk equation (66), adapted to most accurately represent
mechanical properties of RBC with diverse cell volumes (17). The fluorescent
intensity of immunolabeled or Fluo-4 loaded RBC was determined using open-
source software [FIJI version 1.53¢(67), NIH, Bethesda, MD]. Aminimum of 150
individual RBC were analyzed for Fluo-4 mean fluorescent intensity, a mini-
mum 100 individual cells for the test areas of immuno-tagged Piezo1, and a
minimum of 50 individual cells for the respective control areas not containing
Piezo1-specific antibodies. Immunofluorescence data were analyzed using an
automated thresholding macro as previously described (65).

Brightfield microscopy data were analyzed using "RedTell” (68), which is
described in more detail in S/ Appendix, Supplementary materials. Briefly, a
pretrained Mask R-CNN-based artificial neural network generates segmenta-
tion masks of individual cells for a given image. Then, following optimization
(filtering) of segmentation results, morphological cell features are extracted
from the obtained masks (S/ Appendix, Fig. S1). Cell features presented here
were chosen based on biological relevance; Yoda1 induces cell shrinkage due
to the Gardos effect, which would affect cell area and sphericity. Solidity was
previously shown to be relevant during the discocyte-echinocyte transforma-
tion (68).

Statistical analysis. Results are presented as means = SD, unless otherwise
stated. Distribution of data was tested for normality using the Shapiro-Wilk test.
Differences in El-shear stress curves and Fluo-4 fluorescent intensities over time
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were analyzed using two-way ANOVAs. Depending on normality of distribution,
differences between group means were determined using either a conventional
one-way ANOVA with Dunnett's post hoc test for multiple comparisons or a
Friedman test with Dunn's correction. Where means of two groups were com-
pared, two-tailed t tests or Mann-Whitney U tests were employed, depending on
data distribution. Statistically significant differences between the lysis likelihood
of young and old cell populations were computed using Kaplan-Meier survival
analysis. Statistical analyses and curve fitting were performed using commercial
software (Prism, GraphPad Software Inc., Release 9.2.0, La Jolla, CA). Differences
were considered significant at an alpha level of 0.05.

Data, Materials, and Software Availability. All study data are included in the
article and/or Supporting Information.
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