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« Transfusion of TRPC6
knockout RBCs to
wild-type mice led to
the “rescue” of TRPC6
function, suggesting
protein transfer to
RBCs.

» Mechanical stimulation
leads to tether
formation between
human RBCs, which
may mediate protein
transfer, a key for a
new treatment
concept.

For some molecular players in red blood cells (RBCs), the functional indications and
molecular evidence are discrepant. One such protein is transient receptor potential
channel of canonical subfamily, member 6 (TRPC6). Transcriptome analysis of
reticulocytes revealed the presence of TRPC6 in mouse RBCs and its absence in human
RBCs. We transfused TRPC6 knockout RBCs into wild-type mice and performed
functional tests. We observed the “rescue” of TRPC6 within 10 days; although, the
“rescue” was slower in splenectomized mice. The latter finding led us to mimic the
mechanical challenge with the cantilever of an atomic force microscope and
simultaneously carry out imaging by confocal (3D) microscopy. We observed the strong
interaction of RBCs with the opposed surface at around 200 pN and the formation of
tethers. The results of both the transfusion experiments and the atomic force
spectroscopy suggest mechanically stimulated protein transfer to RBCs as a protein
source in the absence of the translational machinery. This protein transfer mechanism
has the potential to be utilized in therapeutic contexts, especially for hereditary diseases
involving RBCs, such as hereditary xerocytosis or Gardos channelopathy.

Introduction

The molecular signaling capacity of red blood cells (RBCs) is increasingly recognized'® as is their
functional heterogeneity.*® In this context, ion channels are also slowly being acknowledged as
physiologically relevant signal mediators in RBCs®” although their copy number per cell is very low.®'°

The presence of transient receptor potential channel of canonical type, member 6 (TRPC6) has been
indicated in the protein level in mature RBCs,"" but this finding was controversially discussed. Direct
pharmacological agents (agonists and antagonists) for TRPC6 are limited, and inhibitors are not
effective against RBCs."?

Expelling the nucleus and all other organelles during erythropoiesis leaves the RBCs without a trans-
lational machinery for an average of 120 days (in humans) without protein (including ion channel)
renewal or any other repair mechanism.'®
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Methods

Blood was taken from healthy volunteers with informed consent;
the protocol was in agreement with the Declaration of Helsinki and
authorized by the ethics committee of the Arztekammer des
Saarlandes (permission number 132/08). Mouse experiments were
approved by the respective commission of the Saarland (permits
02/2015 and 27/2018).

Transcriptome analysis

Transcriptome analysis was performed as previously described.'*
In short, to purify human RBCs we followed a method originally
developed by Beutler et al.'® To evaluate the purification of the
RBCs, we used the gelatin zymography technique, previously
described by Achilli et al.'® This method allows the detection of
contaminations with polymorphonuclear neutrophils, a type of leu-
cocyte that cannot be eliminated by washing the blood sample.
Polymorphonuclear neutrophils are the only type of blood cells that
express the matrix metalloproteinase 9, whose catalytic activity
against gelatin can be used as a specific marker.

Fluorescence-activated cell sorting was performed with wild-type
(WT) murine blood samples using a FACSAria lll (Becton
Dickinson, Franklin Lakes, NJ).

For RNA isolation, we used the RiboPure RNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA) and 500 pL of human or
murine blood samples, prepared as described before. Subse-
quently, the a- and B-globin messenger RNAs, which have the
highest expression in reticulocytes, were removed from the total
RNA preparations by using the GLOBINclear Kit (Thermo Fisher
Scientific) according to the manufacturer's protocol. Transcriptome
analysis was performed by Expression Analysis Inc (Durham, NC)
using next-generation sequencing. More information are detailed in
the supplemental Material.

Ca’* imaging

Life cell imaging was performed to monitor intracellular Ca**
kinetics in individual cells stimulated with 5 pM lysophosphatidic
acid (LPA; Cayman Chemicals, Ann Arbor, Ml). RBCs were
washed 3 times with Tyrode solution (Tyrode) containing the
following components: 135 mM NaCl, 5.4 mM KCI, 10 mM
glucose, 1 mM MgCl,, 1.8 mM CaCl,, and 10 mM N-2-
hydroxyethylpiperazine-N\ -2-ethanesulfonic acid. The pH was
adjusted to 7.35 using NaOH. For imaging, the cells were loaded
with Fluo-4 (Fluo-4 AM; Molecular Probes, Eugene, OR) at a
concentration of 5 uM for 1 hour at 37°C. Then, the cells were
washed 3 times with Tyrode. The Fluo-4-loaded cells were plated
onto coverslips. We waited for 15 minutes for cell sedimentation
and dye de-esterification. Fluorescence was measured on the
stage of an inverted microscope (TE2000; Nikon, Tokyo, Japan)
equipped with a 100x objective (CFl Plan Fluor 100x oil, numer-
ical aperture = 1.3; Nikon). A video imaging device (TILL Photonics,
Germany) was attached to the microscope and contained a
monochromator (Polychrome V), a sCMOS camera (Flash4;
Hamamatsu Photonics, Shizuoka, Japan), the imaging control unit,
and an acquisition software (LightAcquisition; FEI, Munich, Ger-
many). Fluo-4—loaded cells were excited at 480 nm and the
resulting fluorescence images (using a 505 nm long pass dichroic
mirror and a 5635/40 bandpass filter) were collected every 5 sec-
onds for 15 minutes. A gravity-driven local perfusion system was
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utilized to quickly exchange solutions in the field of view. All mea-
surements were performed at room temperature (~22°C) and are
represented in Figure 1A-B of the article and the corresponding
image sequences are provided as supplemental Videos. These
images were analyzed in Image) (Wayne Rasband, National Insti-
tute Health, Bethesda, MD), that is, individual cells were marked
with regions of interest and background-corrected single mean
intensity cell traces extracted over time. Because a real quantitative
fluorescence based Ca®* measurement is still not possible as
of now,'” the traces are plotted as a semiquantitative self-ratio of
F/F,, with F being the recorded fluorescence intensity over time
and F, being the fluorescence intensity at the start of the mea-
surement (here the average of the first 12 data points). Because
the response is extremely heterogeneous, the analysis of the fluo-
rescence intensity at a given time point is not representative and
instead, for each trace the maximum intensity is determined”
utilizing custom-made macros in MATLAB (MathWorks, Natick,
MA). This usually gives a not normalized distribution of Ca®*
intensity values. Thus, the median value for each mouse is then
plotted in Figure 1C,E as 1 data point and is used in the statistics
presented in Figure 1D,F.

Transfusion experiments

For transfusion experiments, blood was collected from TRPC6-
knockout (KO) mice (average age of 17.6 + 6.2 weeks, normal
distributed) by puncture of the heart (final bleeding after 1.5%
isoflurane inhalation anesthesia). RBCs (if not expressing the
tandem-dimer red fluorescent protein [tdRFP]) were stained using
the membrane dye PKH67 (Sigma-Aldrich, St Louis, MO). Cells
were washed thrice in 0.9% NaCl solution and incubated for
5 minutes at room temperature under rotation with PKH26 (1:200
dilution). Quenching of remaining dye was done by addition of 2%
bovine serum albumin in phosphate-buffered solution and the cells
were washed again thrice in 0.9% NaCl solution. For transfusion,
200 pL of stained or tdRFP-expressing TRPC6-KO RBCs were
retro-orbitally injected into WT C57BL/6 mice (Charles River
Laboratories, Senneville, Canada). We measured a RBC concen-
tration of 9.2 x 10"'?/L, resulting in ~1.84 x 10° cells per trans-
fusion. Recipient mice had an average age of 23.3 £ 10.9 weeks
(normal distributed) and this did not significantly differ from that
of the donor mice (P = .26). With the blood of 1 donor mouse,
2 to 3 WT mice could be transfused. The transfused RBCs
were analyzed by Ca®* imaging experiments, as described above,
every 2 to 3 days for 2 weeks. For this purpose, a 10 pL blood
sample of each transfused mouse was collected by puncture of the
facial vein.

Atomic force spectroscopy combined with confocal
microscopy

All measurements were performed with the JPK Nanowizard 3
(Bruker, Berlin, Germany) setup coupled with a Nipkow-disk based
confocal microscope. Before the measurements, RBCs were
allowed to adhere to the microscope dish (microdish; Ibidi,
Munich, Germany). Furthermore, RBCs were attached to the
cantilever with Cell-Tak (Corning Inc, Corning, NY). Here the
adsorption method was used, which can be described as follows:
10 pL of Cell-Tak was mixed with 285 pL of sodium bicarbonate
(100 mM). The pH was adjusted to 8.0 using NaOH. The solution
was appended to the substrate (cantilever). After a waiting time of
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Figure 1. Transfusion of TRPC6-KO RBCs into WT
mice. (A) Microscopic fluorescence image of RBCs
from a TRPC6-KO mouse loaded with the Ca®* dye
Fluo-4 (5 uM, 1 hour, 37°C) and immobilized with Cell-
Tak). Microscopic imaging'? was performed while the
cells were stimulated with LPA (5 pM, 5 minutes). (B)
Microscopic fluorescence image from the same
experiment described in panel A but with RBCs from a
WT mouse (C57BI6/N). The full image sequences,
where the images in panels A and B were taken from
are provided in the supplemental Material. Scale bar, 40
1M (A-B). (C) Two hundred microliters of RBCs from
total TRPC6-KO mice (hematocrit of 50% in a 0.9%
NaCl solution) were transfused into WT mice (C57BI6/
N) by retrobulbar injection under isoflurane narcosis.
First, TRPC6-KO RBCs were labeled with the dye
PKH26 (Sigma—AIdrich)4 (dark red symbols).
Alternatively, the TRPC6-KO mouse was crossbred
with a mouse expressing tdRFP,'® that is, having RBCs 2.5 -
with an intracellular fluorescent protein (light red
symbols). Before transfusion and up to 14 days after 2.0
transfusion, blood was sampled at the facial vein (10
pL) from the transfused mice. The relative number of
PKH26/tdRFP-positive cells is provided in
supplemental Figure 3A. RBCs were video imaged as
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of PKH26- or tdRFP-positive cells was analyzed.* Each
plotted data point is the median of at least 100 RBCs
from 1 mouse (natural decrease in cell number over
time after transfusion). (D) Replot of the data presented
in panel C at selected time points and comparison to
WT RBCs from the transfused mice. (E) Same
experiments as in panel C with all data fitted together E

(red symbols) and similar experiments as in panel C but 2.5
with WT mice splenectomized 1 week before
transfusion (gray symbols). For splenectomy, mice were
anesthetized by an injection of ketamine (75 mg/kg
body weight) and xylazine (15 mg/kg body weight).
After abdominal sectioning, the splenic vein and splenic
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supplemental Figure 3B. (F) Replot of the data 0 2 4 6 8 10 12 14

presented in panel E at selected time points and
comparison to WT RBCs from the transfused mice. In

panels D and F, values are plotted as the mean +

Days after transfusion

After transfusion

standard deviation. N, number of animals. In
comparison, “ns” denotes not significant (P > .5),
*P<.05, *P<.01, **P<.001, and ****P < .0001.
Significance was tested with ordinary 1-way analysis of
variance with Tukey multiple comparison tests (Prism 9,
GraphPad Software, San Diego, CA).

at least 20 minutes, the cantilever was rinsed with distilled water
and possibly phosphate-buffered saline.

A cell was “caught” with a setpoint force of 2.5 nN, a velocity of
5 pm/s using a contact time of 10 seconds. While the cantilever was
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in contact with the cell, it was moved by hand slightly (~2 pm/s)
in the x-y direction. When cells adhering to the microdish and cells
attached to the cantilever were probed, force-distance curves were
acquired with the following atomic force microscopy (AFM)-specific
parameters: setpoint force, 300 pN; approach/retract velocity,
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0.1 pm/s with ‘breaks’ for confocal imaging; and typical contact time,
30 seconds. The confocal scanning head was attached to an
inverted microscope (Nikon Eclipse Ti; Nikon) equipped with a 60x
objective (CFl Plan Apochromat Lambda 60x oil, NA = 1.4; Nikon).
A diode laser (A = 647 nm; Nikon LU-NV Laser Unit; Nikon) was
used as a light source for imaging. Z-stack scanning was realized by
employing a 100 nm piezo stepper. Confocal image generation was
performed with a spinning-disk based confocal head (CSU-W1,
Yokogawa Electric Corporation, Tokyo, Japan). Image sequences
were acquired with a digital camera (Orca-Flash 4.0, Hamamatsu
Photonics).

Results

In human reticulocytes (fluorescence-activated cell sorting for
CD71%* and CD45™ cells), we could not find TRPC6 (nor any other
TRPC channel) (N = 4); whereas in mouse reticulocytes, we found
the TRPC6 transcript (GenBank BC068310), confirming the
presence of TRPC6, which was also observed in western blots of
mouse RBCs.'"'®

However, at the functional level, measured as LPA-induced Ca?*
entry,*'? which was shown to involve TRPCS,'? human and mouse
WT RBCs give a similar Ca®* response, but both differ from the
Ca®* response of TRPC6-KO mouse RBCs."?

The discrepancy between the lack of genetic proof of TRPC6 and
its putative functional presence in human RBCs suggested that
TRPCS is taken up by the RBCs from external sources. To test this
hypothesis, we transfused fluorescently labeled RBCs*'® from
TRPCS6 total KO mice into WT mice with the dye PKH26 used as a
label.* At different time points up to 2 weeks, we collected blood
samples from the mice, performed LPA stimulation experiments, as
shown in Figure 1A-B, and analyzed the PKH26-positive cells for
their Ca®* response (Figure 1C). This indirect method was used
because the number of TRPC6 channels is expected to be below
the detection limit of biochemical methods, such as western blotting
and mass spectrometry. In addition, electrophysiological detection,
for example, patch clamp recordings, is not an alternative because
no direct activators of TRPC6 are available; hence, intracellular
signaling is required for TRPC6 activation. (In the patch clamp
configurations, the cytoplasm is normally washed out, except in the
perforated-patch configuration, which is not available for RBCs.)
Therefore, an amplification mechanism, such as the accumulation of
Ca?* inside the cell, seems to be the only available method for the
detection of the TRPC6 channel activity in RBCs at present.

We performed such measurements in 3 WT mice transfused with
the TRPC6-KO RBCs. We detected an increase in the Ca®"
response, as outlined in Figure 1C (dark red symbols). The slope of
the regression line significantly differed from zero (P < .0001),
indicating a real increase in the Ca?* response. However, because
PKH26 is a membrane-bound dye, we wanted to ensure that this
result was not compromised by movement of the dye moving from
the KO to the WT RBCs. Therefore, we crossbred the TRPC6-KO
mouse with a mouse with red fluorescent erythrocytes in which the
tdRFP is cytoplasmic.'® We repeated the experiments with 4 of
these mice and obtained the same results as for the PKH26-
labeled RBCs (Figure 1C, light red symbols). Because the
slopes for the increase in Ca®* were not significantly different upon
PKH26 and tdRFP labeling, for all following considerations, we
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pooled these 7 mice into a single statistical group. Figure 1D shows
a statistical analysis comparing TRPC6-KO RBCs before transfusion
(day 0) with RBCs 3 days and 10 days after transfusion with the
response of WT RBCs. On day 3, the Ca®* response was already
significantly different compared with that of the nontransfused KO
RBCs, and after 10 days, there was no difference between the
transfused TRPC6-KO RBCs and WT cells. This result showed
functional “rescue” (Ca®* influx) of the TRPC6-KO cells, suggesting
the uptake of TRPC6 from an external source in the KO RBCs.
Regarding the mechanism of this protein transfer, we wondered
about the role of the spleen, where RBCs experience strong
mechanical interaction while passing through the interendothelial
slits. Therefore, we repeated the transfusion experiments with sple-
nectomized acceptor mice. The slope of the line representing Ca>*
entry again significantly differed from 0 (P <.0001) but also signif-
icantly differed from that obtained in the nonsplenectomized mouse
experiments (P <.001), as shown in Figure 1E. Moreover, statistical
analysis of the data from particular days pointed to a slower putative
protein transfer process (Figure 1F). While on day 3, there was still
no difference compared with the data collected upon TRPC6-KO
before transfusion, it took 14 days until the transfused cells
showed no difference from the WT RBCs.

The physiological function of TRPC6 in RBCs remained unknown,
as was the case for other cation channels, such as the Gardos
channel or Piezo1, when they were discovered.® The association of
ion channel mutations to hematological diseases helped elucidate
channel functions. We expect the same for TRPC6. Reports of
mechanosensitivity of TRPC62° indicate some redundancy with
Piezol or TRPV2 in RBC volume regulation.”’ Furthermore,
because TRPC6 is downstream of LPA-receptor activation,'? it
likely contributes to the active participation of RBCs in clot and
thrombus formation,?? including pathological situations such as
vaso-occlusive crisis in patients with sickle cell disease.'?

Inspired by the mechanical challenge RBCs experience in the
spleen, we applied forces up to 400 pN to pairs of human RBCs
with the cantilever of an AFM?® as schematically outlined in
Figure 2A-B. Simultaneously, we performed confocal micro-
scopy,”® through which we witnessed the formation of membrane
tethers (Figure 2C-D), structures that could mediate a protein
exchange between cells. Even without the formation of tethers, the
RBCs could strongly interact, as shown in Figure 2E-F. Further-
more, at a time scale that is too short to be imaged but more
realistic to conditions in the spleen (millisecond range), atomic
force spectroscopy revealed membrane binding effects in the
range of 200 pN (Figure 2G), which is well above the adhesion
forces between RBCs when attached to each other without the
application of mechanical force.?*

Discussion

To date, the mechanism through which the protein transfer is
mediated remains unknown. ldentification of tether formation
demonstrates the ability of RBCs to exchange/share membrane
components. Whether protein transfer of TRPC6 to RBCs is an
inter-RBC process, interaction with other cell types or with the
exosome, remains elusive and requires further investigations.

The entire process is of great interest, especially because healthy
RBCs under physiological conditions have not shown endocytic
activity.”® However, our observation is in line with previous findings
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Figure 2. Mechanical challenge of human RBCs by atomic force spectroscopy. (A) Schematic drawing of the mechanical challenge owing to application of the cantilever
of an AFM with forces of up to 400 pN applied. RBCs were attached to the cantilever with Cell-Tak (BD Biosciences, San Jose, CA) and spontaneously adhered to the
microscope dish (microdish). (B) Schematic drawing showing the retraction of the cantilever with measurement of the separation force. (C) Confocal image of RBCs labeled with
the membrane dye CellMask (Life Technologies, Carlsbad, CA) at 1:2000 for 10 minutes. The yellow arrow points to a tether, clearly connecting 2 RBCs. Scale bar, 10 uM. (D)
Two RBCs were pushed together and separated, as outlined in panels A and B, in a plasma-like solution containing 40 mg/mL dextran (70 kDa). Shown are optical sections and
the 3D reconstruction with clearly visible tethers in the x/z and y/z planes (yellow arrows) but few visible tethers in the x/y plane. The 3D reconstruction, in addition to the optical
sections, reveals uneven staining of the tethers, suggesting the presence of lipid rafts or other molecular agglomerations. It is of little importance whether the tethers form between
RBCs or between an RBC and the substrate, as protein transfer could potentially also occur between RBCs and structures of the spleen. (E) Even without the formation of
tethers, RBCs strongly interact, potentially allowing a protein transfer. (F) Atomic force spectroscopy measurement reflecting the situation imaged in panel E with an RBC
interaction time of several seconds. (G) Representative atomic force spectroscopy measurement with a contact time close to 0 and a velocity of the cantilever movement of

5 pm/s in a dextran solution (40 mg/mL dextran 70 kDa) used to mimic plasma. Such a probing is too fast to be imaged by confocal microscopy.
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regarding the transfer of band 3 protein from RBCs to vesicles and
vice versa.”® Furthermore, protein transfer to lymphocytes is well
known and referred to as trogocytosis.>’

Conclusions

Although TRPC6 activity was indirectly probed and the in vitro
experiments applied mechanical force, we regard our data as
strong evidence for a new and thus far overlooked mechanism, with
great potential for human medicine in general and hereditary dis-
eases involving RBCs in particular. This holds especially true if the
abundance (copy number) of the malfunctional protein of interest is
very low, such as Piezo1 in hereditary xerocytosis®® and KCNN4 in
Gardos channelopathy.®?° However, for clinical applications, this
effect would need to be further investigated and stimulated, to
reach a decent effect size.
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