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Abstract

BACKGROUND

Numerous reports have demonstrated that the pathophysiology of graft-versus-
host disease (GVHD) during hematopoietic stem cell transplantation (HSCT) is
closely related to vascular endothelial disorders and coagulation abnormalities.
We previously presented the discovery of a principle and the development of a
novel instrument for measuring whole blood coagulation. This was achieved by
assessing the variations in the dielectric properties of whole blood.

AIM

To investigate how GVHD affects the changes of dielectric properties of whole
blood in patients with HSCT.

METHODS

We examined the changes of dielectric properties of whole blood and erythrocyte
proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis sequen-
tially in patients with HSCT and compared it with clinical symptoms and inflam-
matory parameters of GVHD.

RESULTS

During severe GVHD, the dielectric relaxation strength markedly increased and
expression of band3 decreased. The dielectric relaxation strength normalized with
the improvement of GVHD. In vitro analysis confirmed that the increase of
relaxation strength was associated with severe erythrocyte aggregates, but not
with decreased expression of band3.

CONCLUSION
Severe erythrocyte aggregates observed in GVHD may cause coagulation abnor-
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malities and circulatory failure, which, together with the irreversible erythrocyte dysfunction we recently reported,
could lead to organ failure.
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Core Tip: The pathophysiology of graft-versus-host disease (GVHD) is complex. Examination of changes in the dielectric
properties of whole blood revealed that erythrocytes formed risky levels of rouleaux and aggregates in severe GVHD. In
severe GVHD, oxidative stress causes degradation of erythrocyte band3 and truncation of the C-terminus of peroxiredoxin 2,
resulting in decreased plasticity, increased fragility, and reduced oxygen-carrying capacity. These phenomena may underlie
persistent refractory coagulopathy and circulation disorder, leading to organ damage in severe GVHD.

Citation: Nagasawa M. Pathophysiology of acute graft-versus-host disease from the perspective of hemodynamics determined by
dielectric analysis. World J Transplant 2023; 13(6): 379-390

URL: https://www.wjgnet.com/2220-3230/full/v13/i6/379.htm

DOI: https://dx.doi.org/10.5500/wjt.v13.i6.379

INTRODUCTION

The graft-versus-host (GVH) reaction is the most serious complication of hematopoietic stem cell transplantation (HSCT)
and the most important reaction that eradicates malignant cells[1,2]. When the GVH reaction is excessively induced
leading to organ dysfunction, it is designated as graft-versus-host disease (GVHD) and is a target for treatment.
Moreover, GVHD progresses in three phases[3]. The first is cell damage due to pretreatment with anticancer drugs and
radiation, which induces inflammatory reactions and the production of inflammatory cytokines. The second mechanism
involves the recognition and activation of host antigens by transplanted immune cells. Inflammatory cytokines produced
in the first phase promote the response in phase 2 by inducing an increased expression of alloantigens. In phase 3,
immunocompetent cells activated in phase 2 attack the host cells, induce new inflammation and initiate a vicious cycle of
excessive inflammatory responses. The treatment for GVHD involves suppressing and controlling activated immunocom-
petent cells induced in phases 2 and 3[3]. Uncontrolled and persistent GVHD leads to the insidious progression of severe
coagulation disorders and microcirculation disturbances, resulting in irreversible organ failure and tissue damage
directly induced by the attack of activated immunocompetent cells[4]. Early and persistent coagulopathy has been
reported to be associated with HSCT prognosis[4].

Coagulation abnormalities and circulatory failure in the peripheral circulation are not always caused by GVHD after
HSCT. In some cases, the main causes of coagulation disturbances stem from treatment with anticancer drugs, radiation,
or vascular endothelial damage caused by calcineurin inhibitors, which are used as immunosuppressants to prevent
GVHD[1,5,6]. Furthermore, cytomegalovirus infection/reactivation induced in an immunodeficient state may also be
involved in the aforementioned disturbances[7,8]. Additionally, clinically determining whether coagulation abnormalities
and vascular endothelial disorders that develop after HSCT are caused by GVHD is often difficult[9,10]. The assessment
of peripheral blood circulation abnormalities and coagulation disorders following HSCT, specifically concerning
pathological alterations in erythrocytes, has received limited attention in the context of GVHD.

The measurement of the complex dielectric properties of biomaterials at radio frequency has gained increasing
importance not only in material science, microwave circuit design, and absorber development but also in biological
research[11-13]. Dielectric measurement is important for providing the electrical or magnetic characteristics of materials
in a noninvasive manner and has proven useful in many research and development fields. We performed dielectric
measurements of the coagulation process in whole human blood, clarified the principle, and reported its usefulness as a
new whole-blood coagulation measurement method[14,15]. Moreover, we examined the changes in the dielectric
properties of whole blood after HSCT in 16 patients and discussed the relationship between the changes in the dielectric
properties of whole blood and GVHD.

MATERIALS AND METHODS

Principles of dielectric properties of whole blood

The principle of the dielectric measurement of whole blood is displayed in Figure 1A-D. Whole blood comprises plasma
and blood cells (mainly erythrocytes), each of which is electrically charged. When an alternating electric field is applied to
whole blood, sufficient ionization is achieved at low frequencies. However, as the frequency increases, ionization fails to
keep pace sufficiently. Beyond a certain frequency, ionization is no longer possible and the dielectric constant does not
change (Figure 1B-D). The dielectric properties of each material can be represented by the relaxation strength and
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Figure 1 The principle of the dielectric measurement of whole blood is displayed. A: Brief description of dielectric parameters; B: Sufficient ionization
is achieved when a low frequency alternating voltage is applied; C: As the frequency of the AC voltage increases, the ionization cannot keep up with the frequency,
and the dielectric strength gradually decreases; D: When the frequency of the AC voltage exceeds a certain level, no dielectric occurs and the dielectric strength
stabilizes at a low value.

frequency, as displayed in Figure 1A. The dielectric constant of whole blood was determined as the sum of the plasma
(solvent) and blood cell components. As the electrode polarization of the solution component had a strong effect in the
low-frequency region, the interfacial polarization of the blood cell component was calculated by correcting for this effect.
Theoretically, the dielectric properties of blood cell components are considered to be significantly affected in the high-
frequency range (Figure 2).

Dielectric measurement of whole blood

Venous blood was drawn in a blood collection tube containing Ethylenediamine-N, N, N', N'-tetra acetic acid
dipotassium salt dihydrate (EDTA-2K 2H,0) and diluted to 10% hematocrit (Hct) with phosphate buffer saline (PBS).
After 30 min of incubation at room temperature with gentle stirring, the dielectric properties were measured by our
developed equipment. Diluted blood samples (200 L) were adjusted to 10% Hct using PBS and measured at 57
frequencies from 100 Hz to 40 MHz[14]. The measurement time for each frequency was < 0.2 s and the total frequency
scan time for one dielectric relaxation measurement was 10 s. Measurements were performed within 1 h of blood sample
collection.

Clinical samples

Clinical samples were obtained from 16 patients who underwent allogeneic HSCT. The clinical information for each
patient is summarized in Table 1. A portion (1 mL) of blood collected during routine clinical examinations performed 2-3
times per week after HSCT was used for the research. Information such as clinical symptoms and blood data were
collected as anonymized information from medical records.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Cells were washed with PBS and then lysed at 4 °C in a buffer containing 10 mmol/L Tris-hydrochloric acid, 50 mmol/L
sodium chloride, 0.5% sodium deoxycholate, 0.2% SDS, 1% Nonidet P-40, 1 mmol/L phenylmethylsulfonyl fluoride, 50
mg/mL aprotinin, 50 mmol/L leupeptin, and 0.1 mmol/L sodium orthovanadate. After removing cellular debris by
centrifugation, lysates were prepared for electrophoresis, and PAGE was performed as described previously[16]. Further,
proteins separated on the gel were stained using silver staining.

RESULTS

Typical changes in dielectric relaxation strength and frequency are depicted in patients who developed acute GVHD of
grade 3 or more (patient 4) and those who did not (patient 2). During GVHD, a sharp increase in the dielectric relaxation
strength and a decrease in the relaxation frequency intensity were observed (Figures 3 and 4). Overall, the dielectric
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Table 1 The clinical information for each patient

Patient Disease  Acute Stage Conditioning Stemcell  Decreased Truncated
No GVHD Skin Gut Liver source band3 PRDX2
1 AML 1 1 0 0 MAC URCB No No

g HIM 0 0 0 0 RIC URBMT No No

3 scID m 2 3 1 RIC URCB Yes Yes

4 scID m 1 3 1 RIC URCB Yes Yes

5 AML 1 1 0 0 MAC MSBMT No No

6 AML I 3 0 0 MAC URBMT No No

7 DKC m 2 3 1 RIC URBMT Yes Yes

8 ALL 0 0 0 0 MAC URBMT No No

9 ALL I 3 0 0 MAC URCB No No

10 ALL i 3 0 0 MAC MSBMT No No

1 AML 1 1 0 0 MAC MSBMT No No

12 AML m 1 3 1 MAC misRBMT  Yes Yes

13 ALL m 1 2! 1 MAC URBMT Yes Yes

14 ALL m 1 2 1 MAC URBMT Yes No

15 ALL I 3 0 0 MAC misRBMT  No No

16 SCN 1 1 0 0 RIC MSBMT No No

AML: Acute myeloid leukemia; HIM: Hyper IgM syndrome; SCID: Severe combined immunodeficiency; DKC: Dyskeratosis congenital; ALL: Acute
lymphoblastic leukemia; SCN: Severe congenital neutropenia; MAC: Myeloablative conditioning; GVHD: Graft-versus-host disease; RIC: Reduced-
intensity conditioning; URCB: Unrelated cord blood; URBMT: Unrelated bone marrow transplant; MSBMT: Matched sibling bone marrow transplant; mis-
RBMT: Mismatched related bone marrow transplant.

relaxation strength and frequency changed in a complementary manner.

To investigate whether the change in dielectric properties was due to blood cells or plasma components, the expression
of erythrocyte membrane proteins was analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). As demonstrated in Figure 3, a decrease in band 3 expression was observed in line with GVHD onset (Figure 3).
Decreased expression of band 3 is one of the mechanisms of hereditary spherocytosis, in which erythrocytes are not
normally concave-discoid-shaped, however, they morphologically change into spherocytes, exhibiting osmotic fragility.
However, our previous study on dielectric relaxation frequency intensity changes in various erythrocyte morphologies
displayed that the relaxation frequency increased during spherocytosis[12,17]. No significant changes in the dielectric
properties of the plasma components were observed with or without GVHD (data not displayed). Therefore, we
conducted a replacement experiment for the blood cells and plasma components. As demonstrated in Figure 5, the
relaxation strength depends on the plasma components (Figure 5A). Observation of erythrocyte states under each
condition using a phase-contrast microscope revealed the formation of rouleaux or aggregates in the presence of plasma
components during the progression of GVHD (Figure 5B). Although the data are not displayed, rouleaux formation of
erythrocytes was observed at a high frequency in the blood, in which the dielectric relaxation strength increased after
HSCT.

Next, to estimate the quantitative relationship between the dielectric relaxation strength change and the rouleaux
formation of erythrocytes, experiments with the addition of gamma (y)-globulin were carried out. Blood obtained from
healthy individuals was washed with PBS, a 10% Hct erythrocyte suspension solution was created, and then y-globulin
was added to measure the dielectric properties and confirm the morphology at several concentration settings. The serum
concentration of y-globulin in healthy individuals is considered to be approximately 10 mg/mL, but little change was
observed in dielectric relaxation strength and morphology under conditions between 0 mg/mL and 10 mg/mL of g-
globulin. A rouleaux formation of erythrocytes was observed at a g-globulin concentration of 50 mg/mL, and large
erythrocyte aggregates were observed at a concentration of 150 mg/mL. For dielectric relaxation measurement, the
patient’s whole blood was diluted to approximately 1/3 in PBS to match 10% Hct. The observed rate of change in the
dielectric constant in our study suggests that the acute phase of grade 3 or more GVHD was comparable to a state where
the y-globulin concentration exceeded 100 mg/mL, which is ten-fold higher than the normal value (Figure 6) (comparing
with the data displayed in Figure 5A).

Figure 7 displays the changes in the dielectric relaxation strength and C-reactive protein (CRP), a biomarker of inflam-
mation, in patients who developed grade 3 or more of GVHD. The dielectric relaxation strength and CRP levels
demonstrated a correlation in some cases, but they did not necessarily match. In addition, the dielectric relaxation
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Figure 2 Understanding of the dielectric relaxation of whole blood, which is consist of plasma and blood cells. A: Shows the real part; B: The
imaginary part of the complex permittivity. The broken red lines are the result of an analysis of the interfacial polarization phenomenon according to a Cole-Cole type
dielectric relaxation function. This function is characterized by the relaxation strength Ae corresponding to changes in €' (A) and the relaxation frequency fc that
corresponds to the peak of this function observed in the imaginary part of permittivity, €" (B). The curved lines in the figure are the sum of all the assumed
contributions in the analysis, and agree well with the experimental values.
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Figure 3 Changes in the relaxation frequency and relaxation intensity of whole blood after transplantation in a transplant patient who
developed severe graft-versus-host disease during the course. A: The hatched area indicates the normal range of relaxation frequency and relaxation
intensity; B: The figure below shows the results of sodium dodecyl sulfate-polyacrylamide gel electrophoresis of erythrocyte proteins over time. Consistent with graft-
versus-host disease, there is a decrease in band3 and the appearance of a 20KDa band (red arrows). The 20KDa band was found to be the C-terminal deleted
PRDX2[37]. GVHD: Graft-versus-host disease.
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Figure 4 Changes in the relaxation frequency and relaxation intensity of whole blood after transplantation in a transplant patient who
developed no graft-versus-host disease during the course. A: The hatched area indicates the normal range of relaxation frequency and relaxation
intensity; B: The figure below shows the results of sodium dodecyl sulfate-polyacrylamide gel electrophoresis of erythrocyte proteins over time. There was no
significant change.

strength may fluctuate significantly, even with a slight change in the CRP. Interestingly, the dielectric relaxation strength
increased gradually with minimal CRP changes in patient 3, who developed severe gastrointestinal GVHD. This indicates
that the dielectric relaxation strength is affected by persistent or chronic inflammatory reactions even if the CRP level is
elevated.

DISCUSSION

Erythrocytes account for two-thirds of all human cells. They are constantly produced in the bone marrow of
hematopoietic stem cells and supplied to the blood[18]. The main role of erythrocytes is to transport oxygen to every
corner of the body; therefore, the cell has an optimal structure for efficiently transporting oxygen. Erythrocytes are often
subjected to oxidative stress due to their role in transporting high concentrations of oxygen and therefore have a strong
scavenger function against reactive oxygen species[19-21]. A typical example is peroxiredoxin 2 (PRDX2), which is
present in high concentrations in red blood cells and is maintained by the pentose phosphate pathway and glutathione
system[22]. A concave discoid-like shape without a nucleus is the optimal structure that can efficiently take in oxygen and
move inside the capillaries to every corner of the tissue with strong deformability[23]. Furthermore, erythrocytes have a
strong buffering capacity to maintain the acid-base balance in body fluids[24] and abundant scavenger functions against
oxidative stress[19-21].

On the other hand, the coagulation system is known to be phylogenetically closely related to inflammatory and
immune responses[25,26]. The system is considered to have evolved as a biological defense mechanism that not only
stops bleeding but also traps pathogens and prevents them from spreading to the surrounding area. In vivo, the
coagulation system is initially considered to be activated on the cell surface[27], and evidence indicates that stagnation of
blood flow can be a trigger[28].

Based on the principle of our newly developed in vitro whole blood coagulation measurement system utilizing whole
blood permittivity measurements, this process can be divided into three stages[14]. First, an increase was observed in
relaxation strength due to rouleaux formation, followed by a further increase in relaxation strength due to aggregation.
Additionally, a rapid decrease in relaxation strength due to changes in erythrocyte morphology and tertiary structure
caused by platelet secondary aggregation and clot retraction due to fibrin formation and polymerization was also
observed. This result suggests the importance of erythrocyte rouleaux and aggregate formation as an initial reaction or
precursor state for the activation of the coagulation system.

As is well known, hypergammaglobulinemia induces rouleaux formation by neutralizing the negative charge on the
surface of erythrocytes. Venous thrombosis frequently occurs in multiple myeloma presenting with pathological
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Figure 5 We conducted a replacement experiment for the blood cells and plasma components. A: Blood sample (about 30%Hct) from the patient
with graft-versus-host disease was diluted as 10%Hct diluted in phosphate buffer saline (PBS), 10%Hct diluted in the patient's plasma, 10%Hct replaced in PBS, and
10%Hct replaced in PBS with 10%FBS, and dielectric properties were measured; B: () Blood sample (about 30%Hct) from the patient with graft-versus-host disease
was diluted as (1) 10%Hct diluted in PBS, (2) 10%Hect diluted in the patient's plasma, (3) 10%Hct replaced in PBS, and (4) 10%Hct replaced in PBS with 10%FBS,
and observed by phase-contrast microscopy; (Il) Sample of (I) was further diluted by 50-fold in the same way, and observed by phase-contrast microscopy. PBS:
Phosphate buffer saline.

hypergammaglobulinemia[29,30]. Many reports of thrombosis, likely due to high-dose g-globulin therapy[31-33]. The
high-viscosity state caused by rouleaux formation causes stagnation of blood flow and interacts with tissue factors
produced by GVHD-induced inflammatory reactions to lower the threshold of initial coagulation activation. According to
this study, the change in whole blood dielectric constant in acute GVHD was considered equivalent to the change in
hypergammaglobulinemia from 10 to 15 mg/mL, which is a high-risk level that progresses to thrombus formation and
renal failure when replaced with multiple myeloma patients.

On the other hand, oxidative stress has been reported to be enhanced in acute GVHD[34,35], in addition to the
oxidative stress induced by conditioning chemotherapy and radiation therapy[36]. We recently reported that calpain
activated by oxidative stress may cause the degradation of band 3 and PRDX2[37]. Degradation of band 3 causes a
decrease in erythrocyte plasticity, making the cell more susceptible to hemolysis[38,39]. The degradation of PRDX2
irreversibly disrupts the scavenging function of erythrocytes and reduces the resistance of the cell against oxidative stress
[40-42]. Phosphatidylserine, which appears on the cell surface due to abnormal erythrocyte membranes, acts as a
procoagulant[43]. Free hemoglobin released by hemolysis scavenges nitrogen oxide (NO)[26], which has a vasodilatory
effect, and the released erythrocyte arginase reduces NO production[44]. These pathological conditions overlap to form a
vicious circle, and it is thought that the progression of microcirculatory failure and the accompanying organ failure result
in an irreversible state leading to fatality.
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Figure 6 The observed rate of change in the dielectric constant. A: Blood sample from a healthy volunteer (Hct 43%) was diluted in PBS to 10% Hct, and
g-globulin was added to a final concentration of 0 mg/dL, 10 mg/dL, 50 mg/dL, and 150 mg/dL; B: After incubation for 30 min, dielectric properties of each sample
were measured; C: Morphology of erythrocytes was investigated by phase-contrast microscopy after further dilution by 50-fold. PBS: Phosphate buffer saline.
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Figure 7 Transition and relationship between dielectric relaxation strength and C-reactive protein in patients who developed graft-versus-
host disease grade 3 after transplantation. A: Patient 3; B: Patient 4; C: Patient 12; D: Patient 13. Red oval marks indicate the period of grade 3 and more
acute graft-versus-host disease. CRP: C-reactive protein; SCT: Stem cell transplantation.
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Figure 8 Schematic illustration of graft-versus-host disease from the perspective of dielectric analysis of whole blood cells. A: In graft-
versus-host disease (GVHD) of grade 3 or higher, oxidative stress-activated calpains lead to degradation of band3 and truncation of the C-terminus of PRDX2,
leading to decreased erythrocyte plasticity, increased fragility, and impaired oxygen transport; B: Changes in plasma contents due to complex inflammation such as
GVHD cause rouleaux formation and aggregation of erythrocytes, causing stasis in blood circulation and becoming more susceptible to coagulation activation; C:
Vascular endothelial cell damage by pretreatment or calcineurin inhibitors is further prolonged and increased by alloimmune reactions and reactivation of
cytomegalovirus virus, and the anticoagulant function of vascular endothelial cells is reduced. These phenomena are compounded and lead to refractory
coagulopathy and subsequent organ circulatory failure and dysfunction. CMV: Cytomegalovirus; CRP: C-reactive protein; GVHD: Graft-versus-host disease; SCT:
Stem cell transplantation.

The differences between rouleaux formation, which is indicated by changes in dielectric relaxation strength, and the
erythrocyte sedimentation rate (ESR), which has been classically used as a biomarker of inflammation, could not be
examined in detail in this study. Moreover, ESR requires 30-60 min or more for measurement, whereas dielectric
properties can be measured within 10 s, and it is believed that the condition of erythrocytes can be accurately depicted
with minimal external influences during the assay. Furthermore, ESR is considered to be affected by many factors other
than changes in the dielectric relaxation strength and does not necessarily reflect the same factors. Additionally, ESR is
also affected by anemia and polycythemia. In this regard, our previous study on Hct and dielectric relaxation strength
identified an increase in dielectric relaxation strength with increasing Hct[45]. An increase in Hct results in a decrease in
ESR, which indicates that the phenomena of an increase in the dielectric relaxation strength and enhancement of ESR are
not necessarily the same.

As demonstrated in Figure 3, when the dielectric relaxation strength was higher than a certain level, a decrease in band
3 of red blood cells and fragmentation of the C-terminus of PRDX2 were observed, possibly due to oxidative stress-
induced calpain activation[37]. In a study of 16 transplant patients, these changes were observed only in cases of severe
GVHD with grade 3 or higher, and not in grade 1-2 GVHDI37]. This suggests that changes in the intensity of the total
blood dielectric relaxation after HSCT reflect the severity of GVHD and oxidative stress. By comprehensively considering
the results of this study and the principle of dielectric coagulation measurement, a conclusion can be reached that the
dielectric relaxation strength sensitively reflects the distribution pattern of blood cells in the solvent and their shape
change[14]. Based on clinical data and in vitro experiments, the stage from rouleux to aggregate formation may be an
indicator of serious illness. From this perspective, the experimental results displayed in Figure 6 provide important
information for the quantitative interpretation of the dielectric relaxation strength. Figure 8 displays a schematic
illustration of the mechanism of circulatory and coagulopathy development in GVHD after HSCT, as proposed in this
study, of changes in the dielectric relaxation strength and membrane protein changes in erythrocytes.

In this study, we could not compare various previously reported GVHD biomarkers with changes in the dielectric
properties of whole blood. This report does not indicate that changes in the dielectric properties of blood are superior to
those in previously reported GVHD biomarkers[46]. The changes in the dielectric properties of blood are not specific to
GVHD. A modification in the dielectric properties of blood is believed to arise due to conditions that induce alterations in
plasma composition, fostering the development of erythrocyte aggregations. One of these includes classically recognized
acute inflammatory alterations, and as previously mentioned, the parameter known as ESR is believed to indirectly
mirror similar phenomena. The pathway by which severe GVHD leads to irreversible organ failure is not necessarily
limited to direct organ damage caused by the GVH reaction through the alloimmune response; secondary and latent
circulatory disorders are also involved. From this perspective, we believe that the changes in the dielectric properties of
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blood examined in this study provide a new perspective for understanding and managing GVHD.

CONCLUSION

The pathological significance of the dynamic changes in blood dielectric relaxation strength in acute GVHD identified in
this study requires further investigation. In the future, we believe that more detailed quantitative analysis of dielectric
relaxation strength and consideration of its relationship with other clinical parameters will be necessary. Furthermore, the
clinical usefulness of dielectric relaxation strength as an interesting and unique biomarker as well as a target for
therapeutic intervention should be duly considered.

ARTICLE HIGHLIGHTS

Research background
We previously presented the discovery of a principle and the development of a novel instrument for measuring whole
blood coagulation. This was achieved by assessing the variations in the dielectric properties of whole blood.

Research motivation
This assay of dielectric properties of whole blood may be useful for evaluation of coagulation abnormalities observed in
graft-versus-host disease (GVHD).

Research objectives
To investigate how GVHD affects the changes of dielectric properties of whole blood in patients with hematopoietic stem
cell transplantation (HSCT) and pathological significance of dielectric properties of whole blood in GVHD.

Research methods

We examined the changes of dielectric properties of whole blood and erythrocyte proteins by sodium dodecyl sulfate-
polyacrylamide electrophoresis sequentially in patients with HSCT and compared it with clinical symptoms and inflam-
matory parameters of GVHD.

Research results

During severe GVHD, the dielectric relaxation strength markedly increased and expression of band3 decreased. The
dielectric relaxation strength normalized with the improvement of GVHD. In vitro analysis confirmed that the increase of
relaxation strength was associated with severe erythrocyte aggregates, but not with decreased expression of band3.

Research conclusions
Severe erythrocyte aggregates observed in GVHD may cause coagulation abnormalities and circulatory failure, which,
together with the irreversible erythrocyte dysfunction we recently reported, could lead to organ failure.

Research perspectives

The pathological significance of the dynamic changes in blood dielectric relaxation strength in acute GVHD identified in
this study requires further investigation. Furthermore, the clinical usefulness of dielectric relaxation strength as an
interesting and unique biomarker as well as a target for therapeutic intervention should be duly considered.
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