LETTERS TO THE EDITOR

A novel non-invasive method to measure splenic
filtration function in humans

The detection of red cells with Howell-Jolly bodies
and liver-spleen scintigraphy scanning are the currently
used methods to assess splenic filtration function. The
former is time-consuming, user-dependent and quantita-
tive. The latter is semi-quantitative but uses radioactive
material in an invasive, laborious manner. Here, we
developed an automated, high-throughput, non-invasive
and low-cost method to measure splenic filtration func-
tion accurately using flow cytometry.

Loss of splenic function results in short- and long-term
potentially life-threatening complications including sus-
ceptibility to infections by encapsulated bacteria and
thromboembolic events."” Increasing evidence points to
the need to preserve splenic function in various situa-
tions such as post-traumatic spleen injury, pancreatic
neoplasia and hemolytic anemias. Adequate measure-
ments of the residual function of the spleen are, there-
fore, crucial.
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Howell-Jolly bodies (HJB) are 1 um DNA inclusion
bodies that are the consequence of cytogenetic damage.
In healthy individuals, HJB-containing red blood cells
(RBC) are found at very low frequency as HJB are cleared
efficiently by the spleen. The spleen is a distinctive
adapted lymphoid organ that serves as the largest filter
of blood in the human body. The spleen comprises two
critical structures: (i) the white pulp, containing the
immune effector cells and (ii) the red pulp, composed of
splenic sinuses and pulp cords that form a filtering struc-
tural entity.” RBC flowing in the pulp cords are forced to
deform and squeeze through narrow inter-endothelial
slits in order to enter the venous circulation. During this
process intracellular inclusions, such as HJB or parasites,
are removed from the RBC, a phenomenon known as
pitting.*” Identification of HJB in the circulation conse-
quently serves as an indicator of altered splenic filtration
function.”’

To date, the gold standard for assessing splenic func-
tion remains liver-spleen scintigraphy scanning. This
technique provides a qualitative and/or semi-quantita-
tive measurement of splenic function by evaluating the
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Figure 1. Detecting Howell-Jolly bodies
using imaging flow cytometry. (A)
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Histogram representing the intensity of
Hoechst staining in a splenectomized indi-
vidual. (B) Images from imaging flow
cytometry distinguishing three categories
of cells: (i) RBC with HJB-like spots, (i) RBC
bound to Hoechst-positive particles and
(iii) Hoechst-positive particles. (C, D)
Graphs representing the percentage of
HJB-RBC determined by the classical blood
smear technique and imaging flow cytome-
try in (C) 10 splenectomized individuals
(unpaired t test, P=0.07) and (D) 11 adults
with sickle cell disease (Wilcoxon test,
P=0.057) (NS: non-significant). (E)
Graphical representation of the percent-
age of HJB-RBC determined by imaging
flow cytometry in 20 patients with a splenic
uptake of 100-50% and seven patients
with a splenic uptake of 50-0% (Mann-
Whitney test, P<0.0001). MGG: May-
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splenic uptake of either heat-denatured RBC or nano-
colloids, labeled with technetium-99m.® Although these
techniques have proven reliable, they are time-consum-
ing, invasive and not readily available. The classically
used method for assessing splenic dysfunction is, there-
fore, quantification of HJB-containing RBC by May-
Griinwald Giemsa staining on blood smears. The per-
centage of HJB-containing RBC is evaluated by counting
100-200 RBC under the microscope; the result is deliv-
ered as %H]JB, a percentage higher than 1% reflecting
loss of splenic function. This method is user-dependent
and may be faulty because of the small number of count-
ed cells. Another similar, commonly used method is to
count “pitted” erythrocytes by interference contrast
microscopy.” Spleen dysfunction does, however, occur
gradually in many pathological conditions and is not
accurately evaluated by a binary “filters/does not filter”
state. A flow cytometry-based method using propidium
iodide as a DNA dye to measure micronucleated reticu-
locytes was reported in 1996" and later used in clinical
studies to quantify HJB-containing RBC.""** As propidi-
um iodide also stains RNA that is present in young RBC
(reticulocytes), this method requires an efficient RNA
digestion step to be accurate. In addition to issues
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regarding partial digestion, reticulocytes, which repre-
sent 0.5-1% of circulating RBC in healthy individuals,
can reach high percentages in pathological situations
such as hemolytic anemias, including sickle cell disease
(SCD) and hereditary spherocytosis, which increases the
risk of including significant numbers of false-positive
events.

Here, we developed a simple non-invasive high-
throughput technique based on flow cytometry to
specifically detect HJB-containing RBC and precisely
quantify their percentage in the circulation. To do so, we
used blood samples from splenectomized individuals,
patients with SCD, and healthy donors. SCD is an auto-
somal recessive disease during which spleen injury
occurs early in life due to vaso-occlusion caused by RBC
sickling secondary to the polymerization of a mutated
hemoglobin (HbS)."” The splenic dysfunction is associat-
ed with considerable morbidity and mortality™, includ-
ing life-threatening acute splenic sequestration and an
increased risk of infections. In SCD, the onset of spleen
dysfunction occurs within the first years of life’* with the
function decreasing thereafter to a state of complete loss,
called auto-splenectomy:.

In our method, we stained the HJB using Hoechst dye
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Figure 2. Relationship between %Hoechst-positive events and %HJB-RBC. (A) Linear regression relationship between %Hoechst-positive events (x) and %HJB-
RBC (y) in 53 blood samples (y = 0.83x - 0.22). (B-D) Refinement of the linear regression according to three cut-offs of %Hoechst-positive events: (B) <0.5%
(n=18) (y = 0.2x + 0.04), (C) 0.5-3.5% (n=14) (y = 0.73x - 0.15), and (D) >3.5% (n=21) (y = 0.76x + 0.78). Correlation (Pearson correlation coefficient) and

linear regression, P<0.0001.
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as this does not bind to RNA molecules. First, we used
blood samples from splenectomized individuals to detect
significant amounts of HJB-containing RBC (HJB-RBC).
After removal of the buffy coat, the RBC were washed
and incubated for 5 min in phosphate-buffered saline
with Hoechst at 0.2%. RBC were analyzed with a stan-
dard flow cytometer and percentages of Hoechst-posi-
tive events were determined (Online Supplementary Table
S1, Online Supplementary Methods). As the results indicat-
ed high percentages of Hoechst-positive RBC, we repeat-
ed this experiment using seven blood samples from
healthy donors. All samples showed percentages higher
than 1% (Online Supplementary Table S1) suggesting the
presence of significant numbers of false-positive events.
For further characterization, we used imaging flow
cytometry and analyzed Hoechst-positive events in
50,000 RBC (Figure 1A B). We could distinguish three
categories: (i) RBC with HJB-like spots, (ii) RBC bound to
Hoechst-positive particles and (iii) Hoechst-positive par-
ticles (Figure 1B). The Hoechst-positive particles were
considered non-specific events, i.e. DNA released after
lysis of neutrophils during the preparation steps, and
were excluded using a combination of masks (Online
Supplementary Figure S1A). This strategy markedly
reduced the percentage of Hoechst-positive events in all
blood samples (Online Supplementary Table S1) and all
corresponding pictures thereafter showed RBC with
HJB-like spots.

To validate this method, we compared the results with
those obtained with classical May-Griinwald Giemsa
staining in ten splenectomized individuals. HJB-RBC
were counted manually within a total of 3,000 RBC
(Online Supplementary Figure S1B). The results confirmed
a robust correlation and therefore efficient gating and
mask parameters to exclude false-positive events (Figure
1C). This was also the case when comparing both meth-
ods using blood samples from 11 adult patients with
SCD (P1-P11) (Figure 1D).

We thereafter applied our imaging flow cytometry
method to evaluate the percentage of HJB-RBC (%H]JB-
RBC) in 25 very young SCD children (P12-P36; age
range, 6-12 months) who underwent technetium-99m
RBC splenic scintigraphy. Patients were divided into two
groups according to their splenic uptake percentage:
(100%-50%) and (50%-0%). The two groups displayed
marked differences, with the (100%-50%) and (50%-
0%) groups showing medians of 0.35% and 2.98% HJB-
RBC, respectively (Figure 1E).

Because imaging flow cytometry is not a readily avail-
able technology, we aimed at refining the standard flow
cytometry method in order to allow accurate evaluation
of %HJB-RBC. We determined %HJB-RBC by flow
cytometry in the group of 53 individuals with various
degrees of splenic function (36 SCD patients, 10 splenec-
tomized individuals and 7 non-splenectomized healthy
donors). The percentage of total Hoechst-positive
events, determined by standard flow cytometry, was
plotted against the percentage of HJB-containing RBC
determined by imaging flow cytometry (Ounline
Supplementary Table S1). We observed a robust linear
regression between both parameters (Figure 2A), with
the following equation: y = 0.83x - 0.22, where y is the
%H]B-RBC and x the % of Hoechst-positive events gen-
erated by flow cytometry. We further refined this equa-
tion by dividing the 53 samples into three groups and
generated three equations based on three cut-offs of
Hoechst-positive events: < 0.5%, 0.5-3% and > 3%
(Figure 2B-D).

Monitoring spleen function has been neglected

because the methods used are labor-intensive, such as
counting pitted or HJB-positive RBC, or invasive, such as
liver-spleen scintigraphy scanning. Here, we describe an
automated, non-invasive technique for the sensitive
detection and evaluation of splenic filtration dysfunc-
tion. In contrast to the previously published flow cytom-
etry technique, our method does not require cell fixa-
tion, RNA digestion steps or sample shipment. Our tech-
nique is simple and straightforward to implement in
medical centers equipped with standard flow cytome-
ters, thereby offering splenic function tests routinely.
Such tests would be of great interest and might signifi-
cantly affect the management and follow-up of patients
with pathologies characterized by splenic injury, includ-
ing SCD, thalassemia, red cell membrane disorders, celi-
ac disease and cancer during chemotherapy. For
instance, implementing our method in the early follow-
up of children with SCD would play an important role in
monitoring their infectious risk, a life-threatening conse-
quence of this disease.
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