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Gardos channelopathy (Gardos-HX) or type 2 stomatocytosis/xerocytosis is a hereditary
hemolytic anemia due to mutations in the KCNN4 gene. It is rarer than inherited type 1
xerocytosis due to PIEZO7 mutations (Piezo1-HX) and its diagnosis is difficult given the
absence of a specific clinical or biological phenotype. We report here that this diagnosis
can be sped up using red blood cell (RBC) indices performed on an ADVIA 2120
(Siemens®) analyzer, which measures reticulocyte mean corpuscular volume (rMCV) and
mean corpuscular hemoglobin concentration (rMCHC). We studied reticulocyte indices
in 3 new and 12 described patients (8 families) with Gardos-HX, 11 subjects presented
the recurrent p.Arg352His mutation, 4 cases (two families) carried a private KCNN4
mutation. They were compared to 79 described patients (49 families) with Piezo1-HX.
Surprisingly, in Gardos-HX cases, rMCV revealed to be smaller than MCV and rMCHC
higher than MCHC, in contrast with normal or Piezo1-HX RBC. Consequently, AMCV
(rMCV-MCV) was —0.9 &+ 5 fL vs. 19.8 &+ 3 fL (p < 0.001) in Gardos compared with
Piezo1-HX and AMCHC (rMCHC-MCHC) was 18.7 + 13 vs. —50 + 8.7 g/L (p < 0.001).
A threshold of 8.6 fL for AMCV and —5.5 g/L for AMCHC could discriminate between
Gardos and Piezo1-HX with 100% sensitivity and specificity, regardless of age, mutation
or splenectomy status. Consequently, we showed that reticulocytes indices are useful
to suggest Gardos-HX on blood count results, allowing to rapidly target these patients
for gene analysis. In addition, these parameters may prove useful as a ‘functional tool’
in interpreting new KCNN4 variants.
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Gardos hereditary xerocytosis (Gardos-HX) is the most recently described hereditary hemolysis,
also known as dehydrated stomatocytosis type II, or Gardos channelopathy (Glogowska et al., 2015;
Rapetti-Mauss et al., 2015). Hereditary xerocytosis (HX) are rare dominant red cell membrane
disorders initially characterized by K* leak leading to decreased intracellular cationic content,
loss of water and red cell dehydration (Delaunay, 2004). In most cases, HX is associated with
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gain of function heterozygous mutations in PIEZOI (Piezol-
HX). Piezol is a mechanosensitive cation channel that translates a
mechanical force into a biological signal, mainly through a Ca?*
influx into red cells (Zarychanski et al., 2012; Albuisson et al.,
2013; Andolfo et al,, 2013). Gardos-HX is caused by heterozygous
activating mutations in KCNN4, encoding the Ca?™-dependent
KT exporter Gardos channel. Functional studies have suggested
that Gardos channel activation is the common effector of red
cell dehydration, triggered either directly by KCNN4 activating
mutation or indirectly by Piezol-dependant intracellular Ca?™
increase (Rapetti-Mauss et al., 2017; Caulier et al., 2018).

Gardos-HX diagnosis is difficult and often delayed because of
the absence of typical clinical and biological phenotype. Indeed, it
presents as a chronic hemolysis with negative red cell phenotypic
investigations including osmolar gradient ektacytometry, which
is normal or not specific. Diagnosis is made by genetic analysis,
often performed after ruling out many other causes of hemolysis
(King et al, 2015). It is important to distinguish Piezol-
and Gardos-HX because of several distinct clinical issues:
non-spherocytic chronic hemolysis and risk of iron overload
are common to both disorders, however, post-splenectomy
thrombotic events and perinatal edemas without anemia are
observed in Piezo1-HX, whereas anemia —including pre/neonatal
anemia - are more severe in Gardos-HX (Fermo et al., 2017;
Andolfo et al., 2018; Picard et al., 2019).

We report here that diagnosis of Gardos-channelopathy can
be substantially sped up using reticulocyte indices. In a previous
retrospective study including 12 Gardos and 91 Piezol-HX
cases, we have already described red cell parameters - Hb
level, reticulocytes count, mean cell volume (MCV), mean cell
hemoglobin concentration (MCHC) - in Gardos and Piezol-HX
(Picard et al., 2019). Specifically, we showed that MCV was not
significantly different in both disorders, however, MCHC, which
is in the normal range in subjects with Gardos channelopathy,
was significantly higher in Piezol-HX (Picard et al., 2019). These
observations were also reported by others, they are consistent
with data from osmotic gradient ektacytometry assays since these
curves show a characteristic left-shifted dehydrated profile in
Piezol-HX but not in Gardos-HX indicating the absence of
clear red cell dehydration features (Rapetti-Mauss et al., 2015;
Picard et al., 2019). Here, we have extended these observations by
analyzing reticulocyte indices in an enlarged series of 15 KCNN4-
mutated cases (three new subjects, 12 already described) aged
1-59 years from eight families (two new families), that were
compared to 79 Piezol-HX subjects (49 families) with complete
blood count records from the described cohort (Picard et al.,
2019). Our primary objective was to better define how red cell
and/or reticulocyte indices could be used in diagnosing HX. All
patients gave their informed consent according to the Helsinki
protocol, and this report followed the French regulations in terms
of non-interventional retrospective study. HX diagnosis was
based on clinical and biological data and a typical ektacytometry
curve for the 79 Piezol-HX patients, all of them carried at least
one rare (MAF < 0.01) PIEZO1 mutation, this mutation may be
already described as associated with HX or not. In the 15 Gardos-
HX patients, the ektacytometric profile was normal (n = 10) or
atypical (n = 5) and therefore not contributive for diagnosis,

genetic testing identified a KCNN4 mutation that segregated
with the disease in the eight families. Six Gardos-HX families
(12 patients) were already described, one patient was found to
carry a new KCNN4 mutation (c.965C > T, p.Ala322Val), in
addition, three unreported subjects from two novel families were
found to carry the recurrent p.Arg352His mutation. Overall,
11 cases from six families carried the recurrent p.Arg352His
substitution and 4 cases from two families carried private KCNN4
mutations. The clinical, biological and genetic characteristics
of KCNN4-mutated cases are summarized in Supplementary
Table 1. All subjects had a complete blood count performed in
the same lab on EDTA-blood samples within a 24 h/4°C delay
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FIGURE 1 | Red cell and reticulocytes indices in Piezo1- and Gardos-HX.
(A,B) Comparison of MCV (fL) and MCHC (g/L) of all red blood cells
(mature + reticulocytes) in Piezo1-HX (n = 79) and Gardos-HX (n = 15). (C,D)
Comparison of MCV (fL) and MCHC (g/L) of reticulocytes in Piezo1-HX
(n = 79) and Gardos-HX (n = 15). (E,F) AMCV (rMCV — mMCV) and AMCHC
(rMCHC — mMCHC) parameters could discriminate between Gardos and
Piezo1-HX, with cut-off values of 8.6 fL and -5.5 g/L, respectively (dashed
line). NS, non-significant; **p < 0.01, *p < 0.001 as analyzed by Student ¢
test. Normal range: MCV: 80-100 fL, MCHC: 310-360 g/L, rMCV: 92-120 fL,
rMCHC: 270-330 g/L.
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TABLE 1 | Comparison of red cell, reticulocyte and differential indices in splenectomized vs. non-splenectomized Gardos and Piezo1-HX cases (mean + SEM,

p: student T test).

Normal range

Gardos-HX (n = 15)

Piezo1-HX (n = 79)

Splenectomy

Splenectomy

Yes No p Yes No P
N 7 8 8 71
Hb (g/L) 120-160 (female) 91 +£8.7 112 +1.1 < 0.05 123.7 £ 17 1248 +12 0.24

130-180 (male)

Reticulocyte (G/L) 20-120 341 £ 15 174 + 62 0.07 284 +£ 135 307 £ 100 0.78
MCV 80-100 107 £ 4.2 92 +2.7 < 0.001 103 + 11 96 £+ 7.1 0.25
rMCV (fL) 92-120 96.8 £5.3 93.6 +£3.8 0.27 114 + 10 111 +7 0.66
mMCHC (g/L) 310-360 343 £ 12 353 + 23 0.5 365 + 37 370 £+ 21 0.84
rMCHC (g/L) 270-330 372 £13 364 + 17 0.1 305 £+ 29 334 +£ 18 0.1
AMCV (fL) - -58+19 35+25 < 0.001 16.3+6 19.6+6 0.05
AMCHC (g/L) - 28+ 9 10+6 < 0.001 —65.4 + 14 —52.4 + 8.6 0.21

In Gardos-HX, AMCV was significantly lower and MCV and AMCHC were significantly higher in splenectomized subjects, in splenectomized or non-splenectomized

cases, the differential indices remained discriminant for Gardos or Piezo1-HX.

after blood harvesting using an ADVIA2120 (Siemens®) analyzer,
that provided specialized red cell and reticulocyte parameters.
The ADVIA2120 analyzer measures MCV and MCHC using
single cell analysis by dual angle laser scattering cytometry. On
one channel, MCV and MCHC indices are measured on red
cells, including reticulocytes as well as mature cells. On a second
channel using a different set of reagents, reticulocyte counts and
indices (rMCV, rMCHC) are distinguished from mature red cells
(mMCV, mMCHC) by using oxazine 750 staining. All statistical
analyses were performed using two-tailed p value and parametric
tests. Statistical significance used was a = 0.05. For quantitative
variables, we used Student’s ¢-test or one-way ANOVA test and
Tukey post hoc analysis for multiparametric analysis. All numeric
values were expressed as mean values = SEM.

As already described, mean hemoglobin level was lower
in Gardos vs. Piezol-HX (103 £ 16 vs. 134 £+ 19 g/L,
respectively), MCV was not significantly different (98.8 &= 9 vs.
97.7 £ 8 fL), and MCHC was lower in Gardos compared to
Piezol-HX subjects (332 £ 13 vs. 354 £ 24 g/L, Student’s ¢-test,
p < 0.01) (Figures 1A,B; Picard et al., 2019). Now, a focus on
reticulocytes indices indicated that, quite surprisingly, Gardos-
HX reticulocytes appeared smaller than expected compared with
total red cells (95.1 & 3 vs. 98.8 £ 9 fL) and their MCHC was
higher (367 & 16 vs. 332 & 13 g/L). This was not the case in
Piezo1-HX, where, as expected, reticulocytes were larger than red
cells with a lower MCHC (113.7 &= 7 vs. 97.7 & 8 fL and 329 =+ 20
vs. 354 & 24 g/L). Therefore, Gardos-HX reticulocytes appeared
significantly smaller and had a significantly higher MCHC
compared with Piezol-HX (95.1 &3 vs. 113.7 + 7 fL and 367 + 16
vs. 329 =+ 20 g/L, respectively) (Figures 1C,D). As a consequence,
the differential MCV between reticulocytes and mature red
cells AMCV (rMCV - mMCV) was —0.9 & 5 in Gardos vs.
19.8 + 3 fL in Piezol-HX (p < 0.001), and the AMCHC
(rMCHC - mMCHC) was 18.7 &£ 3 in Gardos vs. —50 = 8.7 g/L
in Piezol-HX (p < 0.001) (Figures 1E,F). We then used
ROC curves to analyze the performance of these reticulocyte
parameters in differentiating Gardos or Piezol-mutated cases.

The AMCHC and AMCYV were found to be the best parameters
(Supplementary Figure 1). Indeed, a value of 8.6 fL for AMCV
and —5.5 g/L for AMCHC could discriminate both genotypes
with a 100% sensitivity and 100% specificity with no overlap in
this small series (Figures 1E,F). Because of the low number of
Gardos-HX cases, these parameters should be further tested and
validated in other labs before use in routine testing. Interestingly,
these observations revealed correct for each individual subject,
whatever the age, whether they carry the p.Arg352His recurrent
mutation or a private mutation. We have not tested subjects
carrying the p.Val282Met or p.Val282Glu substitutions, both
associated with Gardos-HX, reticulocyte indices in these patients
deserve to be investigated (Glogowska et al., 2015).

Then, since 7/15 Gardos vs. 8/79 Piezol-HX cases were
splenectomized, we asked whether splenectomy might influence
red cell indices. As shown in Table 1, there was no
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FIGURE 2 | Comparison of AMCV (A) and AMCHC (B) in splenectomized
and non-splenectomized patients in Gardos-HX (o) and Piezo1-HX (e). The
cut-off value of 8.6 fL and -5.5 g/L, respectively are indicated (dashed line).
These differential indices could discriminate between Gardos and Piezo1-HX
whether subjects were splenectomized or not. NS, non-significant; *p < 0.05,
*p < 0.001 as measured by one-way ANOVA test and Tukey post hoc
analysis for multiparametric analysis.
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significant difference in terms of rMCV and rMCHC between
splenectomized and non-splenectomized subjects in both
disorders. We observed that Gardos-HX splenectomized subjects
had an increased MCV compared to non-splenectomized
subjects (MCV: 107 £+ 4 vs. 92 £ 3 fL, p < 0.001).
Nonetheless, AMCV and AMCHC remained highly suggestive
of Gardos-HX whether patients were splenectomized or
not (Table 1 and Figure 2). In our setting, these new
parameters revealed highly useful and reliable in order to target
patients for KCNN4 gene analysis as soon as the blood count
was performed.

Reticulocyte indices are not widely used in diagnosis, although
reticulocytes hemoglobin content measured by most hematology
analyzers has proved to be helpful in diagnosis of iron deficient
anemia (Brugnara et al., 2006; David et al., 2006). Reticulocytes
are immature cells, their volume is larger compared with
mature red cells and their hemoglobin concentration lower,
consistent with rMCV and rMCHC reference range provided
by the manufacturer (rMCV: 92.0-120.0 fL, rMCHC: 270-
330 g/L in adults) (Thomas, 2008). Currently, most blood cell
analyzers do not measure rMCV and rMCHC. Whether red
cell indices obtained on other systems using different optic or
impedance-based technologies might allow to target Gardos-
HX should be evaluated. The ADVIA® technology measures
individual red cell volume and hemoglobin content by cell
light scattering after isovolumetric spherization. In this setting,
Gardos-HX reticulocytes appeared small and dehydrated, they
react differently from reticulocytes in Piezol-HX or in other
hemolytic anemia, acquired or hereditary, whether they are
related to hemoglobin, enzyme or other membrane defects. This
specific behavior of Gardos-HX reticulocytes might be due to an
ionic imbalance induced by the KCNN4 mutation per se or due
to other differences in the membrane structure or composition.
A difference in Gardos channel concentration at the membrane in
reticulocytes compared with mature red cells might also account
for this observation, to our knowledge, this point has not been
studied before. Alternately, the interaction of the Gardos channel
with proteins present at a different level in reticulocytes may
be involved. Finally, we cannot rule out a possible in vitro
artifact due to the ADVIA® technology. Although we cannot
infer that this in vitro observation does reflect reticulocytes
properties in vivo, we hypothesize that dehydration predominates
in immature cells, i.e., reticulocytes in Gardos-HX while mild
or absent in mature red cells. Because reticulocytes represent a
minor fraction of circulating red cells, this would account for
the normal MCHC reported by several teams in Gardos-HX
as well as the non-dehydrated ektacytometry profile. In Piezol-
HX, we propose that dehydration predominates in mature red
cells and accounts for the observed high MCHC and dehydrated
ektacytometric profile.
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