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Abstract: Heparanase is an endo-β-glucuronidase that is best known for its pro-cancerous effects
but is also implicated in the pathogenesis of various viruses. Activation of heparanase is a common
strategy to increase viral spread and trigger the subsequent inflammatory cascade. Using a Single Nu-
cleotide Polymorphisms (SNP)-associated approach we identified enhancer and insulator regions that
regulate HPSE expression. Although a role for heparanase in viral infection has been noticed, the im-
pact of HPSE functional SNPs has not been determined. We investigated the effect of cytomegalovirus
(CMV) serostatus on the involvement of HPSE enhancer and insulator functional SNPs in the risk of
acute graft versus host disease (GVHD) and granulocyte-colony stimulating factor related CD34+

mobilization. A significant correlation between the C alleles of insulator rs4364254 and rs4426765 and
CMV seropositivity was found in healthy donors and patients with hematological malignancies. The
risk of developing acute GVHD after hematopoietic stem cell transplantation was identified only in
CMV-seropositive patients. A significant correlation between the enhancer rs4693608 and insulator
rs28649799 and CD34+ cell mobilization was demonstrated in the CMV-seropositive donors. It is
thus conceivable that latent CMV infection modulates heparanase regulatory regions and enhances
the effect of functional SNPs on heparanase function in normal and pathological processes.

Keywords: HPSE gene; CMV; SNPs; enhancer; insulator; allogeneic HSCT; acute GVHD; G-CSF-
mobilization

1. Introduction

Heparanase (HPSE) is an endo-β-glucuronidase that specifically cleaves the saccharide
chains of heparan sulfate (HS) proteoglycans (HSPG), key components of the cell surface,
basement membrane and extracellular matrix (ECM). Cleavage of HS by active heparanase
results in impairment of the basement membrane and ECM integrity and the release of
HS-bound chemokines, cytokines and growth-promoting factors [1].

Heparan sulfate and heparanase are implicated in the pathogenesis of various unre-
lated viruses [2,3]. HS has long been known to serve as an attachment receptor for a large
variety of human viruses, including herpes simplex virus (HSV), dengue virus (DENV),
respiratory syncytial virus (RSV), varicella-zoster virus (VZV), hepatitis C virus (HCV),
human immunodeficiency virus (HIV), human papillomavirus (HPV), Epstein–Barr virus
(EBV), Vaccinia virus (VACV) and others [4–14]. Furthermore, recent studies have shown
that heparanase plays a role in regulating the lifecycle and/or dissemination of pathogenic
viruses [12–17]. Of particular importance is the binding of the SARS-CoV-2 spike protein to
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HS prior to its interaction with the angiotensin-converting enzyme-2 (ACE2) receptor [18].
Notably, increased heparanase activity and HS levels were found in the plasma of COVID-
19 patients, associating with the severity of the disease [19]. It appears that up-regulation
and activation of heparanase increase the spread of various viruses and likely trigger the
subsequent inflammatory cascade [12,14].

In previous studies, we identified two regulatory regions of the HPSE gene, a strong
enhancer, located in intron 2 [20], and a 200 bp insulator mapped in intron 9 [21]. The
number of functional SNPs in both regulatory regions and their interactions were charac-
terized [21]. The enhancer rs4693608 SNP has a major impact on HPSE gene expression
and the risk of acute graft-versus-host disease (GVHD) after hematopoietic stem cell trans-
plantation (HSCT). The C alleles of insulator SNPs rs4364254 and rs4426765 modify the
activity of the HPSE gene enhancer resulting in both altered heparanase expression and
increased risk of developing acute GVHD [21]. In addition, the enhancer rs4363084 SNP
and insulator rs28649799 SNP were shown to be associated with the yield of granulocyte-
colony stimulating factor (G-CSF) mediated CD34+ cell mobilization in normal donors.
Moreover, rs4426765 correlates with HPSE gene expression in activated mononuclear cells
(MNCs), and with CD3 cell number and lymphocyte counts in response to G-CSF-induced
cell mobilization [21].

Although a role for heparanase in viral infection has been identified, the impact of
HPSE gene functional SNPs has not been determined. Cytomegalovirus (CMV) is an
ancient herpes virus that co-evolved with its host over millions of years and persists as a
sub-clinical and lifelong infection. At a late stage of primary infection, viral gene expression
is halted in some cells, resulting in episomal viral genomes that remain in the nucleus [22].
This state of latency appears to be restricted to bone-marrow CD34+ cells and CD33+

myeloid progenitor cells. These cells retain a latent episomal viral genome and differentiate
into peripheral blood monocytes and myeloid dendritic cells, which are the predominant
site of latency in healthy subjects [23].

The present study analyzed the correlation between functional heparanase SNPs and
CMV seropositivity. We assessed the involvement of the previously discovered enhancer
and insulator SNPs [21] in the risk of acute GVHD and the yield of G-CSF mediated CD34+

mobilization in CMV seropositive versus seronegative individuals. Our results revealed
a significant correlation between the C alleles of insulator rs4364254 and rs4426765 SNPs
and susceptibility to CMV infection in healthy donors and patients with acute myeloid
leukemia (AML), acute lymphoblastic leukemia (ALL), and myelodysplastic syndrome
(MDS). Correlation analysis between functional HPSE SNPs and the risk of developing
acute GVHD after HSCT revealed a significant association only in CMV-seropositive
patients, as opposed to CMV-seronegative patients. The study of functional HPSE SNPs
and G-CSF-associated cell mobilization revealed a significant correlation between the
enhancer rs4693608 and insulator rs28649799 SNPs and the extent of CD34+ mobilization,
only in the CMV-seropositive donor group.

Our results indicate that latent CMV infection modulates the regulatory regions of
HPSE and thus may enhance the effect of functional SNPs on the involvement of heparanase
in normal and pathological processes.

2. Materials and Methods
2.1. Study Population

The retrospective study included 523 patients (303 males and 219 females) with the
following hematologic malignancies: acute myeloid leukemia (AML), acute lymphoblastic
leukemia (ALL), chronic myeloid leukemia (CML), chronic lymphocytic leukemia (CLL),
Hodgkin’s lymphoma (HL), myelodysplastic syndrome (MDS), myelofibrosis (MF), multi-
ple myeloma (MM), Non-Hodgkin’s lymphoma (NHL), and severe aplastic anemia (SAA).
The study was approved by the Ethics Committee of the Sheba Medical Center and the
Israeli Ministry of Health (#4247). All subjects gave their written informed consent. Two
hundred and sixty-one patients received grafts from human leukocyte antigen (HLA)-
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identical siblings, and 262 patients were transplanted from unrelated donors. The median
age was 52 years (range 17 to 79 years). Conditioning regimens before HSCT, adminis-
tration of G-CSF, and anti-GVHD prophylaxis were in accordance with the previously
described departmental routine [21,24,25].

CMV serostatus were assessed using the ARCHITECT CMV IgM and IgG assays
(Abbott, Sligo, Ireland). The presence or absence of anti-CMV IgM and IgG in the plasma
was determined by comparing the chemiluminescent signal of the reaction to the cutoff
signal determined by calibration for IgM or IgG. If the chemiluminescent signal in the
plasma was greater than or equal to the cutoff signal, the plasma was considered reactive
for anti-CMV IgM or IgG, respectively. The cutoff signal for IgM is <0.85 Index Value and
for IgG it is <6.0 AU/mL.

Four hundred and eighty-two healthy donors were included in the study to assess
the involvement of functional HPSE SNPs in the risk of CMV infection. The effect of the
HPSE SNPs on G-CSF-mediated peripheral blood stem cell mobilization was analyzed
in 215 consenting healthy stem cell normal donors after the first apheresis. The stem cell
donors received G-CSF for 5 days, as previously described [21,26].

2.2. SNPs Analysis

The genotypes of functional HPSE gene SNPs were performed as previously de-
scribed [20,21]. In brief, the genotypes of rs4693084 and rs4364254 SNPs were detected by
allele-specific amplification. Polymerase chain reaction (PCR) fragments were amplified
from genomic DNA (Wizard® Genomic DNA Purification kit, Promega, Madison, WI, USA)
using the forward and reverse primers. Conditions of the PCR reactions were previously
published [20]. Real-Time SNP assay was applied for rs4693608, rs4426765, and rs28649799
SNPs genotyping using custom-specific primers and probes (Bio Search Technologies,
Novato, CA, USA). The PCR reactions were performed using an ABI PRISM 7700 sequence
detector (Applied Biosystems, Warrington, UK) according to the manufacturer’s instruc-
tions (Quanta, Gaithersburg, MD, USA).

2.3. Statistical Analysis

All analyzed individuals were divided into CMV-seropositive and CMV-seronegative
and statistical analysis was performed for each group separately. Genotype and allele
frequencies of the SNPs were calculated by direct counting. The χ2 test was used to assess
categorical variables, and the Mann–Whitney U test was applied for continuous variables.
Statistical analysis was performed for grades II-IV acute GVHD. The cumulative incidence
of acute GVHD was calculated for both enhancer and insulator HPSE SNPs, as previously
described [21]. Time to clinical event was measured from the date of HSCT. Relapse was
considered a competing risk. The role of the discrepancy between recipients and donors in
functional HPSE SNPs was assessed for CMV-seropositive and CMV-seronegative groups.
To evaluate the significance, we applied the Gray’s test. Gray’s test compares subgroups
while considering competing risks using the sub-distribution hazards. G-CSF-mediated
peripheral blood stem cell mobilization was analyzed using the Mann–Whitney U test in
accordance with a previously published approach [21]. A p-value ≤ 0.05 was considered
statistically significant and was presented after approximation with corrections. The
calculations were performed using the NCSS software 2021 (NCSS, Kaysville, UT, USA).

3. Results
3.1. Correlation between Enhancer and Insulator HPSE SNPs and CMV Seropositivity in Healthy
Donors and Patients with Hematological Malignancies

The genotype and alleles frequencies of two enhancer SNPs (rs4693608 and rs4693084)
and three insulator SNPs (rs4426765, rs28649799 and rs4364254) were calculated for
329 CMV-seropositive and 153 CMV-seronegative healthy donors. SNPs analysis revealed
a significant correlation between rs4364254 SNP and CMV seropositivity (Table 1). The
frequency of the CC genotype and the C allele was higher in CMV-seropositive individuals
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compared to CMV-seronegative people (13.5% versus 6.1%, p = 0.041 for genotype CC, and
36% versus 27.5%, p = 0.015 for allele C, respectively, Table 1).

Table 1. Genotype and allele frequencies of the HPSE gene SNPs in CMV seropositive and seronega-
tive healthy individuals.

SNP Genotypes and
Alleles

CMV-Seropositive CMV-Seronegative
p-Value

№ Incidence
(%) № Incidence

(%)

rs4693608

AA 81 27.6 48 36.1 0.15
AG 146 49.8 54 40.6
GG 66 22.5 31 23.3

A 308 52.6 150 56.4 0.3
G 278 47.4 116 43.6

rs4693084

GG 175 64.6 78 64.5 1
GT 87 32.1 39 32.2
TT 9 3.3 4 3.3

G 437 80.6 195 80.6 0.99
T 105 19.4 47 19.4

rs4426765

AA 143 52.6 73 60.8 0.25
AC 110 40.4 42 35
CC 19 7 5 4.2

A 396 72.8 188 78.3 0.1
C 148 27.2 52 21.7

rs28649799

AA 224 82 95 79.2 0.7
AG 48 17.6 24 20
GG 1 0.4 1 0.8

A 496 90.8 214 89.2 0.46
G 50 9.2 26 10.8

rs4364254

TT 120 41.5 67 51.1 0.041
TC 130 45 56 42.7
CC 39 13.5 8 6.1

T 370 64 190 72.5 0.015
C 208 36 72 27.5

Significant deviations (p < 0.05) are marked in bold.

Analyzing heterozygous individuals for predominant SNPs may help to better un-
derstand the interaction between enhancer and insulator SNPs in the HPSE gene [21].
Calculation of all possible genotypes of rs4693608, rs4364254 and rs4426765 SNPs dis-
closed that not only rs4364254 but also rs4426765 have an effect on the susceptibility to
CMV infection (Table 2). The frequency of AG-TC-AA genotype was similar among CMV-
seropositive and seronegative individuals. However, the frequency of the AG-TC-AC
genotype in CMV-seropositive donors was higher compared to the frequency of this geno-
type in CMV-seronegative individuals (15.9% versus 10.7%) (Table 2). The overall frequency
of other genotypes (AG-TC-CC, AG-CC-AC, AG-CC-CC, and AG-CC-AA) was higher in
CMV-seropositive compared to CMV-seronegative donors (8.5% versus 1.6%). To assess
the statistical difference between rs4693608, rs4364254 and rs4426765 SNP genotypes, we
categorized all variants into three groups A, B, and C (Table 2). In group B, the frequency
of CMV-seropositive genotypes was twice as high as the frequency of CMV-seronegative
genotype (24.4% versus 12.4%, p = 0.025), while in groups A and C the same genotype
variability was observed. A definite effect of the C alleles of rs4364254 and rs4426765 SNPs
on the susceptibility to CMV infection in healthy individuals is noticeable (Table 2). How-
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ever, the frequencies of genotypes AG-TC-CC, AG-CC-AC, AG-CC-CC, and AG-CC-AA
are relatively low in the general population. Therefore, additional future analysis of large
population samples is required.

Table 2. Interaction of rs4693608, rs4364254 and rs4426765 in CMV-seropositive and CMV-
seronegative healthy individuals.

Group Genotypes CMV-Seropositive CMV-Seronegative Statistical
Analysis№ Incidence (%) № Incidence (%)

A

AA-TT-AA 48 17.7 29 24

χ2 = 7.37
p = 0.025

AA-TT-AC 10 3.7 7 5.8
AA-TC-AA 3 1.1 1 0.8
AA-TC-AC 16 5.9 5 4.1
AA-TC-CC 1 0.4 1 0.8
AA-CC-CC 1 0.4 0 0
AG-TT-AA 43 15.9 25 20.7
AG-TT-AC 2 0.7 0 0
AG-TC-AA 26 9.6 11 9.1

150 55.4 79 65.3

B

AG-TC-AC 43 15.9 13 10.7
AG-TC-CC 4 1.5 0 0
AG-CC-AC 10 3.7 1 0.8
AG-CC-CC 7 2.6 1 0.8
AG-CC-AA 2 0.7 0 0

66 24.4 15 12.4

C

GG-TT-AA 11 4.1 3 2.5
GG-TT-AC 1 0.4 1 0.8
GG-TC-AA 9 3.3 5 4.1
GG-TC-AC 20 7.4 12 9.9
GG-TC-CC 0 0 1 0.8
GG-CC-AA 1 0.4 1 0.8
GG-CC-AC 7 2.6 2 1.6
GG-CC-CC 6 2.2 2 1.6

55 20.3 27 22.3
Significant deviations are marked in bold.

Genotype and allele frequency analysis of 5 HPSE gene SNPs (rs4693608, rs4693084,
rs4426765, rs28649799 and rs4364254) in all 523 patients with hematological malignancies
did not reveal a correlation with CMV seropositivity. However, a significant correlation
between two insulator SNPs (rs4364254 and rs4426765) and the susceptibility to CMV
infection was identified in patients with AML (Table 3). In CMV-seropositive patients,
the frequency of the TT rs4364254 genotype was low compared to CMV-seronegative
individuals, while the frequency of the TC genotype was significantly higher than in the
CMV-seronegative patient group (p = 0.002). The C alleles frequencies of rs4364254 and
rs4426765 SNPs were significantly higher in CMV-seropositive AML patients compared to
CMV-seronegative patients (p = 0.006 for rs4364254 and p = 0.024 for rs4426765, respectively)
(Table 3).

Since the small number of CMV-seronegative patients with other hematological malig-
nancies did not allow for correlation analysis, we compared them with CMV-seropositive
and CMV-seronegative healthy donors (Table 4). Involvement of insulator SNPs in suscepti-
bility to CMV infection was found in acute lymphoblastic leukemia (ALL), myelodysplastic
syndrome (MDS), and multiple myeloma (MM). The most significant correlation was
observed between rs4426765 SNP and CMV-seropositive ALL patients. Significant differ-
ences were detected compared to both CMV-seropositive and CMV-seronegative controls
(p = 0.034 and p = 0.008, respectively) (Table 4). These results suggest an important role for
the HPSE intron 9 insulator in susceptibility to CMV infection.
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Table 3. Genotype and allele frequencies of the HPSE gene SNPs in CMV seropositive and seronega-
tive AML patients.

SNP Genotypes
CMV-Seropositive CMV-Seronegative

p-Value№ Incidence (%) № Incidence (%)

rs4693608

AA 45 26 10 43.5 0.29
AG 92 53.2 8 34.8
GG 36 20.8 5 21.7

A 182 52.6 28 60.9 0.17
G 164 47.4 18 39.1

rs4693084

GG 103 62.4 16 69.6 0.55
GT 55 33.3 7 30.4
TT 7 4.2 0 0

G 261 79.1 39 84.8 0.37
T 69 20.9 7 15.2

rs4426765

AA 82 49.1 16 72.7 0.078
AC 70 41.9 6 27.3
CC 15 9 0 0

A 234 70.1 38 86.4 0.024
C 100 29.9 6 13.6

rs28649799

AA 129 77.2 19 86.4 0.61
AG 37 22.2 3 13.6
GG 1 0.6 0 0

A 295 88.3 41 93.2 0.34
G 39 11.7 3 6.8

rs4364254

TT 62 35.8 17 73.9 0.002
TC 91 52.6 4 17.4
CC 20 11.6 2 8.7

T 215 62.1 38 82.6 0.006
C 131 37.9 8 17.4

Significant deviations (p < 0.05) are marked in bold.

Table 4. Genotype and allele frequencies of the HPSE gene SNPs in CMV seropositive patients with hematological malignancies.

SNP Genotype
and Alleles

ALL MDS MM NHL p-Value to CMV-
Seropositive

Controls

p-Value to CMV-
Seronegative

Controls№ Incidence
(%) № Incidence

(%) № Incidence
(%) № Incidence

(%)

rs4693608

AA 11 22 22 39.3 9 30 17 30.4 ALL: 0.66; 0.64 ALL: 0.12; 0.27
AG 28 56 22 39.3 17 56.7 27 48.2 MDS: 0.2; 0.22 MDS: 0.91; 0.65
GG 11 22 12 21.4 4 13.3 12 21.4 MM: 0.51; 0.39 MM: 0.24; 0.78

NHL: 0.92; 0.71 NHL: 0.62; 0.73
A 50 50 66 58.9 35 58.3 61 54.5
G 50 50 46 41.1 25 41.7 51 45.5

rs4693084

GG 28 58.3 41 75.9 16 59.3 35 64.8 ALL: 0.25; 0.21 ALL: 0.36; 0.26
GT 16 33.3 10 18.5 9 33.3 15 27.8 MDS: 0.12; 0.27 MDS: 0.16; 0.3
TT 4 8.3 3 5.6 2 7.4 4 7.4 MM: 0.54; 0.41 MM: 0.6; 0.44

NHL: 0.34; 0.65 NHL: 0.45; 0.69
G 72 75 92 85.2 41 75.9 85 78.7
T 24 25 16 14.8 13 24.1 23 21.3

rs4426765

AA 23 46.9 38 70.4 21 72.4 31 56.4 ALL: 0.034; 0.086 ALL: 0.008; 0.007
AC 17 34.7 10 18.5 7 24.1 20 36.4 MDS: 0.009; 0.14 MDS: 0.034; 0.79
CC 9 18.4 6 11.1 1 3.4 4 7.3 MM: 0.12; 0.054 MM: 0.51; 0.3

NHL: 0.85; 0.71 NHL: 0.65; 0.43
A 63 64.3 86 79.6 49 84.5 82 74.5
C 35 35.7 22 20.4 9 15.5 28 25.5
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Table 4. Cont.

SNP Genotype
and Alleles

ALL MDS MM NHL p-Value to CMV-
Seropositive

Controls

p-Value to CMV-
Seronegative

Controls№ Incidence
(%) № Incidence

(%) № Incidence
(%) № Incidence

(%)

rs28649799

AA 42 85.7 49 89.1 23 79.3 50 89.3 ALL: 0.27; 0.75 ALL: 0.41; 0.75
AG 6 12.2 6 10.9 4 13.8 5 8.9 MDS: 0.43; 0.21 MDS: 0.26; 0.21
GG 1 2 0 0 2 6.9 1 1.8 MM: 0.003; 0.26 MM: 0.09; 0.26

NHL: 0.14; 0.32 NHL: 0.16; 0.32
A 90 91.8 104 94.5 50 86.2 105 93.75
G 8 8.2 6 5.5 8 13.8 7 6.25

rs4364254

TT 20 40 33 58.9 19 65.5 30 52.6 ALL: 0.89; 0.7 ALL: 0.084; 0.052
TC 22 44 19 33.9 6 20.7 21 36.8 MDS: 0.049; 0.015 MDS: 0.53; 0.5
CC 8 16 4 7.1 4 13.8 6 10.5 MM: 0.029; 0.071 MM: 0.056; 0.6

NHL: 0.3; 0.15 NHL: 0.5; 0.77
T 62 62 85 75.9 44 75.9 81 71.1
C 38 38 27 24.1 14 24.1 33 28.9

Significant deviations (p < 0.05) are marked in bold. The first p-value represents a correlation between genotypes and the second p-value
marks a correlation between alleles.

3.2. Impact of CMV Infection on the Involvement of Heparanase SNPs in the Risk of Acute GVHD

Our previous studies have shown that among several functional HPSE SNPs, the
enhancer rs4693608 SNP has a major effect on the risk of acute GVHD post-HSCT [21,24,25].
The C alleles of insulator SNPs rs4364254 and rs4426765 modulate the activity of the HPSE
gene enhancer and thereby increase the risk of acute GVHD [21]. Given the interaction
of enhancer and insulator SNPs, all individuals were divided into three groups N-HR,
N-MR, and N-LR with high, medium and low risks of developing acute GVHD. In addition,
disparities between recipient and donor in SNP combinations of the HPSE gene significantly
increased the likelihood of acute GVHD morbidity [21]. As a result, all recipient-donor
pairs were divided into three groups (D1, D1 and D3) in accordance with the potential
risk of developing acute GVHD [21,24]. The distribution of all individuals into groups is
illustrated in Table 5.

Table 5. Univariate analysis of cumulative incidence of acute GVHD in association with patient enhancer and insulator
HPSE gene SNPs and CMV infection.

Group of Analysis Genotype or Status Cumulative Incidence,
(95%CI),% χ2, p-Value

Patient CMV status positive 39.7(35.3–44.7) 4.7
negative 24.1(15.0–38.7) 0.03

Donor CMV status positive 37.8(32.6–43.8) 0.49
negative 40.7(33.2–49.9) 0.48

Patient-Donor Pairs positive-positive 39.6(33.7–46.5)
positive-negative 42.7(33.9–53.8) 6.4
negative-positive 24.0(11.9–48.2) 0.095
negative-negative 19.1(7.9–46.0)

Seropositive CMV patients

rs4693608:
AA 49.6(41.2–59.7) 9.4
AG 39.7(33.5–47.0) 0.0091
GG 25.6(17.7–37.0)

enhancer-insulator:
N-HR 51.8(44.2–60.6) 16.9
N-MR 36.7(30.1–44.7) 0.00022
N-LR 22.5(15.0–33.8)

Discrepancy:
D1 58.9(47.4–73.3) 15.6
D2 41.1(35.0–48.3) 0.00042
D3 22.5(15.0–33.8)
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Table 5. Cont.

Group of Analysis Genotype or Status Cumulative Incidence,
(95%CI),% χ2, p-Value

Seronegative CMV patients

rs4693608:
AA 23.1(8.6–62.3) 0.16
AG 22.2(11.0–45.0) 0.92
GG 27.3(10.4–71.6)

enhancer-insulator:
N-HR 16.7(5.3–46.8) 3.5
N-MR 34.8(19.9–60.9) 0.17
N-LR 10.0(1.6–64.2)

Discrepancy:
D1 28.6(8.9–92.2) 1.3
D2 25.8(14.2–46.8) 0.52
D3 10.0(1.6–64.2)

Seropositive-seropositive
patient-donor CMV pairs

rs4693608:
AA 52.3(41.5–66.0) 6.38
AG 36.5(28.4–46.8) 0.04
GG 27.3(16.8–44.2)

enhancer-insulator:
N-HR 51.3(41.4–63.5) 10.3
N-MR 36.0(27.3–47.4) 0.0057
N-LR 20.9(11.7–37.4)

Discrepancy:
D1 51.5(37.0–71.7) 6.9
D2 41.1(32.9–51.3) 0.032
D3 20.9(11.7–37.4)

Seropositive-seronegative
patient-donor CMV pairs

rs4693608:
AA 47.8(31.2–73.3) 2.03
AG 46.8(34.5–63.5) 0.36
GG 28.6(14.5–56.2)

enhancer-insulator:
N-HR 53.3(38.2–74.5) 2.58
N-MR 46.0(32.4–65.2) 0.28
N-LR 26.1(13.1–51.9)

Discrepancy:
D1 58.3(36.2–94.1) 2.93
D2 48.9(36.5–65.5) 0.23
D3 26.1(13.1–51.9)

Seronegative-seronegative
and seronegative-seropositive

patient-donor CMV pairs

rs4693608:
AA 27.3(10.4–71.6) 1.67
AG 13.0(4.5–37.5) 0.43
GG 30.0(11.6–77.3)

enhancer-insulator:
N-HR 18.8(9.4–41.7) 1.02
N-MR 26.3(12.4–55.8) 0.6
N-LR 11.1(1.8–70.5)

Discrepancy:
D1 28.6(8.9–92.2) 0.74
D2 19.2(8.8–42.3) 0.69
D3 11.1(1.8–70.5)

Enhancer (rs4693608)—insulator (rs4426765 and rs4364254) SNP groups. N-HR: AA-AA-TT, AA-AA-TC, AA-AC-TT, AA-AC-TC, AA-NN-
NN and AG-AA-TC genotype combinations (NN is any SNP genotype of rs4426765 and rs4364254 SNPs). N-MR: AG-AA-TT, AG-AC-TT,
AG-AC-TC, AG-CC-TC, and GG-AA-TC genotype combinations. N-LR: GG-AA-TT, GG-AC-TT, GG-AC-TC, GG-AA-CC, GG-AC-CC,
GG-CC-CC and AG-NN-CC genotype combinations (NN is any SNP genotype of rs4426765). Discrepancy between recipient and donor
groups. D1: N-HR/N-MR, N-HR/N-LR; D2: N-HR/N-HR, N-MR/N-MR, N-MR/N-HR, N-MR/N-LR; D3: N-LR/N-LR, N-LR/N-MR,
N-LR/N-HR. Significant deviations (p ≤ 0.05) and significant parameters for risk of acute GVHD are marked in bold.

We aimed at assessing the CMV seropositivity component in heparanase SNP-associated
risk for acute GVHD after HSCT. The risk of acute GVHD was investigated in 462 CMV-
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seropositive and 61 CMV-seronegative patients as well as 329 seropositive and 153 seroneg-
ative donors. Univariate analysis of the cumulative incidence of clinically significant
acute GVHD (grades II-IV) relative to CMV status, patient enhancer rs4693608, patient
enhancer-insulator SNP groups (N-HR, N-MR and N-LR), and discrepancy groups (D1,
D2, D3) is presented in Table 5. Analysis of the cumulative incidence of acute GVHD on
day 100 relative to CMV status revealed an increased risk of acute GVHD only in CMV-
seropositive recipients as opposed to CMV-seronegative patients [39.7% (95% CI 35.3–44.7)
versus 24.1% (95% CI 15.0–38.7), p = 0.03, Table 5]. No influence of CMV donor status was
observed (Table 5).

Next, a univariate analysis of the cumulative incidence of clinically significant acute
GVHD in correlation with the HPSE gene SNPs was performed separately in CMV-
seropositive and CMV-seronegative groups. A significant impact of the HPSE gene SNPs
was observed only in CMV-seropositive patients, but not in CMV-seronegative patients
(Table 5). Best results were obtained in correlation with the patient’s HPSE enhancer-
insulator groups. The cumulative incidence of acute GVHD was 51.8% (95% CI 44.2–60.6)
in the N-HR group, 36.7% (95% CI 30.1–44.7) in the N-MR group, and 22.5% (CI 95%
15.0–33.8) in the N-LR group, respectively (p = 0.00022) (Table 5).

Our results further revealed that the effect of the discrepancy between recipients
and donors in the HPSE gene SNPs was found only in the CMV seropositive patients.
The cumulative incidence of acute GVHD was 58.9% (95% CI 47.4–73.3) in the D1 group,
41.1% (95% CI 35.0–48.3) in the D2 group, and 22.5% (CI 95% 15.0–33.8) in the D3 group
(p = 0.00042) (Table 5). No impact of donor CMV status on the correlation between HPSE
gene SNPs and the risk of acute GVHD was observed (Table 5).

3.3. Influence of CMV Serostatus on G-CSF-Mediated Peripheral Blood Stem Cell Mobilization

We recently reported the involvement of HPSE SNPs in G-CSF-mediated peripheral
blood stem cell mobilization [21]. Enhancer rs4363084 and insulator rs28649799 SNPs
were found to be associated with CD34+ cell mobilization yield. Moreover, SNP rs4426765
was found to correlate with CD3 cell numbers and lymphocyte counts in response to
G-CSF-induced cell mobilization [21]. The effect of CMV-serostatus on heparanase-related
G-CSF mobilization was investigated. The analysis included 215 donors (72 females and
143 males) and the median age was 45 (range, 19–73) years. One hundred and fifty-eight
donors were CMV-seropositive (IgG—positive and IgM—negative) and 57 donors were
CMV-seronegative (IgG—negative and IgM—negative). Association between the HPSE
gene SNPs and the number of mobilized CD34+ cells after the first apheresis revealed a
significant correlation between the enhancer rs4693608 SNP and the CD34+ cell numbers
in CMV-seropositive donors (Table 6). The overall CD34+ yield, as well as the percentage
of CD34+ cells, were higher in carriers of the AA genotype compared to possessors of the
AG and GG genotypes (p = 0.022 and p = 0.007, respectively) (Table 6). No associations
were found in CMV seronegative donors (Table 6). Similar results were observed in
CMV-seropositive donors when the correlation between insulator rs28649799 SNP and
G-CSF-induced CD34+ cell mobilization was analyzed. The level of CD34+ was higher in
donors with genotype AG compared to donors with genotype AA (p = 0.031, Table 6).

Altogether, enhancer rs4693608 and insulator rs28649799 SNPs were associated with
the process of G-CSF stem cell mobilization in CMV-seropositive donors. These two SNPs
had opposite effects. The G allele of rs28649799, correlated with a high CD34+ cell number,
had a low frequency and was found in partial linkage disequilibrium with the G allele of
rs4693608, associated with a low CD34+ cell number. To clarify this complex association, we
performed an additional correlation analysis. The analyzed group included rs28649799 AA
donors, while individuals with the AG genotype, shown to correlate with a higher CD34+

mobilization yield, were excluded from the statistical analysis. Total, CMV-seropositive
and CMV-seronegative donor groups were analyzed (Table 7). CMV-seropositive donors
with genotype AA-AA exhibited a high level of CD34+ cell mobilization, while CMV-
seropositive carriers of AA-AG and AA-GG genotypes disclosed medium and low levels
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of CD34+ cells (p = 0.021 for overall CD34+ yield; p = 0.003 for the percentage of CD34+)
(Table 7). No correlation was found in the CMV-seronegative donors’ group (Table 7). We
hypothesize that these enhancer and insulator SNPs have an enhancing effect in CMV-
seropositive subjects. We had only three individuals with genotypes AA for rs4693608 and
AG for rs28649799. The first was CMV-seronegative and showed a low yield of mobilized
CD34+ cells (645.5 × 106 for total CD34+ yield, 0.49 for CD34+ percentage), while the
two other donors were CMV-seropositive and exhibited a very high yield of CD34+ cell
mobilization (1535.1 × 106 and 1035.3 × 106 for total CD34+ yield; 1.21 and 1.03 for CD34+

percentage, respectively).

Table 6. Association between enhancer rs4693608 and insulator rs28649799 and the number of CD34+ cells following
administration of G-CSF to healthy donors after the first apheresis.

SNPs Parameters
CMV-Seropositive CMV-Seronegative

Genotype Median
(Range)

Comparisons
to Carriers p-Value Genotype Median

(Range)
Comparisons

to Carriers p-Value

rs4693608

CD34+ × 106

total yield

AA (48) 828.9 AA to GG 0.013 AA (25) 753.9 AA to GG 0.55
(718.2–930.0) (518.0–1008.0)

AG (72) 711.4 AA to others 0.022 AG (20) 878 AA to others 0.73
(623.7–784.7) (634.0–1062.0)

GG (38) 629.2 GG to others 0.052 GG (12) 781.3 GG to others 0.39
(502.5–729.4) (365.8–1184.0)

% CD34+

AA (47) 0.9 AA to GG 0.022 AA (25) 0.86 AA to GG 0.88
(0.77–1.02) (0.65–1.12)

AG (72) 0.73 AA to others 0.007 AG (20) 1.05 AA to others 0.34
(0.7–0.81) (0.85–1.34)

GG (37) 0.74 GG to others 0.23 GG (12) 0.82 GG to others 0.5
(0.6–0.85) (0.65–1.18)

rs28649799

CD34+ × 106

total yield

AA (121) 735.7

AA to AG 0.089

AA (39) 786.5

AA to AG 0.3
(659.7–784.7) (542.8–882.8)

AG (21) 854 AG (10) 1020.7
(648.0–1143.1) (368.9–1485.7)

% CD34+

AA (120) 0.76

AA to AG 0.031

AA (39) 0.88

AA to AG 0.32
(0.72–0.83) (0.66–1.12)

AG (21) 0.97 AG (10) 1
(0.7–1.14) (0.57–1.7)

Significant deviations (p < 0.05) and trend to significance are marked in bold.

Table 7. Association analysis between combination of rs28649799 and rs4693608 SNPs and the number of CD34+ cells
following administration of G-CSF to healthy donors after the first apheresis.

Parameters
Total CMV-Seropositive CMV-Seronegative

Genotype Median
(Range)

Comparisons
to Carriers p-Value Genotype Median

(Range)
Comparisons
to Carriers p-Value Genotype Median

(Range)
Comparisons
to Carriers p-Value

CD34+ × 106

total yield

AA-AA
(68)

786.6
(678.3–874.4)

AA-AA
to AA-GG 0.074 AA-AA

(45)
812.5

(718.2–930.0)
AA-AA

to AA-GG 0.032 AA-AA
(20)

733.5
(517.6–1129.2)

AA-AA
to AA-GG 0.39

AA-AG
(68)

723.5
(634.0–789.2)

AA-AA
to others 0.17 AA-AG

(52)
701.6

(549.4–774.9)
AA-AA
to others 0.021 AA-AG

(12)
836

(545.9–1022.8)
AA-AA
to others 0.97

AA-GG
(34)

643.9
(492.3–772.9)

AA-GG
to others 0.086 AA-GG

(24)
561.9

(466.1–729.4)
AA-GG
to others 0.091 AA-GG

(7)
772.9

(329.7–1196.6)
AA-GG
to others 0.37

%CD34+

AA-AA
(67)

0.88
(0.77–0.99)

AA-AA
to AA-GG 0.029 AA-AA

(44)
0.89

(0.76–1.02)
AA-AA

to AA-GG 0.021 AA-AA
(20)

0.86
(0.65–1.16)

AA-AA
to AA-GG 0.41

AA-AG
(68)

0.75
(0.69–0.81)

AA-AA
to others 0.013 AA-AG

(52)
0.73

(0.6–0.77)
AA-AA
to others 0.003 AA-AG

(12)
1.11

(0.62–1.38)
AA-AA
to others 0.71

AA-GG
(34)

0.74
(0.58–0.84)

AA-GG
to others 0.15 AA-GG

(24)
0.69

(0.45–0.83)
AA-GG
to others 0.18 AA-GG

(7)
0.74

(0.27–1.29)
AA-GG
to others 0.23

Significant deviations (p < 0.05) are marked in bold.

4. Discussion

Cytomegalovirus (CMV) is an opportunistic DNA virus that infects most adults world-
wide. It is the largest and most complex of all human herpesviruses [27,28]. Initiation of
human CMV requires initial interaction with cell surface heparan sulfate [29,30]. CMV is
transmitted through all body fluids, including saliva and breast milk [28]. Cytomegalovirus
exhibits a life-long latency and persistence. The viral genome remains in an inactive form
predominantly in the population of CD34+ hematopoietic precursor cells located in the
bone marrow. Latent CMV can be reactivated when the progenitor cells differentiate into
macrophages or dendritic cells, resulting in spread of the virus into various cells and
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organs [31]. The proteins encoded by CMV affect adaptive immune responses, escape
immune recognition, and thus elude its clearance from the host. While primary infection
and reactivation of CMV infection rarely cause clinical symptoms in healthy individuals,
the virus can lead to life-threatening illnesses in immunocompromised patients [28]. Her-
pesviruses in general are excellent regulators of the immune response and can survive
successfully in an immune host [32]. Since herpesviruses affect most people, it is worth con-
sidering how herpesviruses influence the outcome of other co-infections, tumors, and grafts.
Notably, herpesviruses can fine-tune the host’s immune system by modulating immune
responses to make the host more resistant or susceptible to other disease conditions [32].

We report that the C alleles of HPSE rs4364254 and, to a lesser extent, rs4426765
insulator SNPs exhibit increased susceptibility to CMV infection in both healthy individuals
and AML patients. These results indicate the relevance of the HPSE gene insulator for
primary CMV infection.

Many research groups have demonstrated the high prevalence of CMV in various
malignancies such as colon, breast, prostate, and hepatocellular cancers, neuroblastoma and
brain tumors [33–38]. More than 90% of tumors are positive for CMV infection. The virus
infection is confined to malignant and inflammatory cells and is not detected in adjacent
normal cells [28]. The exact role of CMV as a cancer-associated agent in human tumors has
not been elucidated and hence the virus is not included in the list of oncogenic viruses.
However, CMV infection exhibits broad cellular tropism and is present in tumor epithelial
cells, macrophages, endothelial and stromal cells [28]. Several studies have shown that
the level of CMV infection in tumors negatively correlates with a positive outcome of
the disease [33,39,40]. Treatment with antiviral therapy in cancer patients seropositive
for CMV indicates an improved prognosis and potentially represents an effective anti-
cancer strategy. Moreover, CMV gene products have been found to regulate multiple
pro-tumorigenic cellular pathways [41].

SNP analysis of the HPSE gene in CMV-seropositive patients with hematological
malignancies revealed a significant correlation between the incidence of ALL and insulator
rs4426765 SNP. CTCF plays a universal and conserved role in the regulation of complex
transcripts in the herpesvirus family [42]. Our previous study [21] identified a role of
the CTCF-associated rs4426765 SNP in lymphocyte activation and function. The C to A
substitution in rs4426765 disrupts the CTCF binding site. EMSA analysis in B- and T-ALL
patient samples revealed that a large number of nuclear proteins bind to the insulator region
containing the CTCF binding site [21]. The size of DNA/protein complexes decreased
with a gradual distance from SNP rs4426765 to distal polymorphisms along the insulator
nucleotide sequence [21]. The present results suggest that modulation of the HPSE gene
insulator by CMV infection may contribute to the pathogenesis of ALL.

Acute GVHD and CMV replication are pathogenically related. Multiple studies show
that acute GVHD and its treatment place patients at risk for CMV replication [43]. It was
also demonstrated that patients with active CMV replication have an increased risk of
developing acute GVHD [43]. In our previous studies [21,24,25], we found significant
correlations between enhancer and insulator HPSE gene SNPs and the risk of acute GVHD
post-HSCT. Moreover, the discrepancy between recipient and donor in HPSE SNPs con-
tributes to the development of acute GVHD. In the present study, we assessed whether
components of the patient’s and donor’s CMV serostatus may affect heparanase SNP-
associated risk of acute GVHD after HSCT. We show that the previously found correlation
of HPSE SNPs and the risk of acute GVHD was limited mainly to CMV-seropositive re-
cipients. These results suggest that common mechanisms may underlie heparanase and
CMV involvement in the development of acute GVHD. The risk of acute GVHD was high
in patients that possessed a strong HPSE enhancer and a weak insulator (individuals in the
N-HR group), while the donors had a strong HPSE insulator and weak enhancer (individu-
als in the N-LR group) or intermediate enhancer and insulator compared to the recipients
(individuals in the N-MR group). The disparity in cell signaling can lead to hyperactivation
of donor effector cells towards recipient tissues. Future studies will elucidate the role
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of latent CMV infection in the modulation of HPSE regulatory regions and explain the
observed differences between recipients and donors.

Our study revealed that CMV serostatus correlates with CD34+ cell mobilization in
HPSE gene SNP-dependent manner. Importantly, the amplifying effect of the enhancer
rs4693608 and the insulator rs28649799 on the level of mobilized CD34+ cells was observed
only in CMV-seropositive donors.

The involvement of heparanase in the viral life cycle was first discovered while
studying the release of HSV-1 [44]. Subsequent studies have identified a role of heparanase
in penetration of the virus into cells, increasing the severity of viral disease and facilitating
viral egress from infected host cells [2,3]. The present study revealed possible involvement
of the HPSE gene insulator in susceptibility to CMV infection and showed that CMV
serostatus alters previously found correlations with the risk of acute GVHD and the yield
of CD34+ cell mobilization. We propose that latent CMV may use the HPSE insulator and
enhancer not only to better maintain the CMV latency but also to ensure efficient spread of
the virus in the event of virus activation. It is conceivable that the CMV virus may promote
high levels of heparanase either by increasing HPSE enhancer activity or by blocking HPSE
insulator function

Virome plays an important role in cancer progression via mechanisms that involve
inflammation, genotoxins, or oncogenes that alter the regulation and transcription of pro-
tumorigenic human genes [45]. The vast majority of people carry herpesviruses as part of
their virome causing no serious harm in healthy individuals [32]. Our results suggest that
the presence of CMV leads to fine-tuning of the regulation of HPSE and likely other host
genes in disease-prone situations. Detection of such mechanisms is crucial for the effective
treatment of a variety of diseases ranging from acute and chronic inflammation to various
cancers and autoimmune diseases.

Author Contributions: Conceptualization, O.O.; Methodology, O.O.; Validation, O.O. and K.B.;
Formal Analysis, O.O.; Investigation, O.O., Resources, Y.M. and N.B.; Data Curation, O.O.; Writing
—Original Draft Preparation, O.O.; Writing—Review & Editing, O.O., A.S., A.C.-A., I.V. and A.N.;
Supervision, I.V. and A.N.; Project Administration, O.O.; Funding Acquisition, A.N., I.V. and A.C.-A.
All authors have read and agreed to the published version of the manuscript.

Funding: These studies were generously supported by research grants awarded to I.V by the Israel
Science Foundation (grant 1021/19); the DKFZ-MOST cancer research program, and the Israel Cancer
Research Fund (ICRF). I. Vlodavsky is a Research Professor of the ICRF.

Institutional Review Board Statement: The study was conducted according to the guidelines of
Declaration of Helsinki, and approved by the Ethics Committee of the Sheba Medical Center and the
Israeli Ministry of Health (#4247).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no potential conflict of interest.

References
1. Vlodavsky, I.; Ilan, N.; Sanderson, R.D. Forty Years of Basic and Translational Heparanase Research. Recent Adv. Cell. Mol. Aspects

Angiotensin Recept. 2020, 1221, 3–59.
2. Koganti, R.; Suryawanshi, R.; Shukla, D. Heparanase, cell signaling, and viral infections. Cell. Mol. Life Sci. 2020, 77, 5059–5077.

[CrossRef] [PubMed]
3. Agelidis, A.; Shukla, D. Heparanase, Heparan Sulfate and Viral Infection. Adv. Exp. Med. Biol. 2020, 1221, 759–770. [CrossRef]

[PubMed]
4. Hadigal, S.; Koganti, R.; Yadavalli, T.; Agelidis, A.; Suryawanshi, R.; Shukla, D. Heparanase-Regulated Syndecan-1 Shedding

Facilitates Herpes Simplex Virus 1 Egress. J. Virol. 2020, 94, e01672–e01719. [CrossRef]
5. Hilgard, P. Heparan Sulfate Proteoglycans Initiate Dengue Virus Infection of Hepatocytes. Hepatology 2000, 32, 1069–1077.

[CrossRef]
6. Hallak, L.K.; Kwilas, S.A.; Peeples, M.E. Interaction Between Respiratory Syncytial Virus and Glycosaminoglycans, Including

Heparan Sulfate. Methods Mol. Biol. 2007, 379, 15–34. [CrossRef]

http://doi.org/10.1007/s00018-020-03559-y
http://www.ncbi.nlm.nih.gov/pubmed/32462405
http://doi.org/10.1007/978-3-030-34521-1_32
http://www.ncbi.nlm.nih.gov/pubmed/32274736
http://doi.org/10.1128/JVI.01672-19
http://doi.org/10.1053/jhep.2000.18713
http://doi.org/10.1007/978-1-59745-393-6_2


Cells 2021, 10, 3489 13 of 14

7. Jacquet, A.; Haumont, M.; Chellun, D.; Massaer, M.; Tufaro, F.; Bollen, A.; Jacobs, P. The varicella zoster virus glycoprotein B (gB)
plays a role in virus binding to cell surface heparan sulfate proteoglycans. Virus Res. 1998, 53, 197–207. [CrossRef]

8. Xu, Y.; Martinez, P.; Séron, K.; Luo, G.; Allain, F.; Dubuisson, J.; Belouzard, S. Characterization of Hepatitis C Virus Interaction
with Heparan Sulfate Proteoglycans. J. Virol. 2015, 89, 3846–3858. [CrossRef]

9. Connell, B.; Elortat-Jacob, H. Human Immunodeficiency Virus and Heparan Sulfate: From Attachment to Entry Inhibition. Front.
Immunol. 2013, 4, 385. [CrossRef]

10. Ozbun, M.A. Extracellular events impacting human papillomavirus infections: Epithelial wounding to cell signaling involved in
virus entry. Papillomavirus Res. 2019, 7, 188–192. [CrossRef]

11. Schäfer, G.; Blumenthal, M.; Katz, A.A. Interaction of Human Tumor Viruses with Host Cell Surface Receptors and Cell Entry.
Viruses 2015, 7, 2592–2617. [CrossRef]

12. Thakkar, N.; Yadavalli, T.; Jaishankar, D.; Shukla, D. Emerging Roles of Heparanase in Viral Pathogenesis. Pathogens 2017, 6, 43.
[CrossRef] [PubMed]

13. Gonçalves, M.A.F.V.; De Vries, A.A.F. Adenovirus: From foe to friend. Rev. Med. Virol. 2006, 16, 167–186. [CrossRef] [PubMed]
14. Khanna, M.; Ranasinghe, C.; Browne, A.M.; Li, J.-P.; Vlodavsky, I.; Parish, C.R. Is host heparanase required for the rapid spread of

heparan sulfate binding viruses? Virology 2019, 529, 1–6. [CrossRef] [PubMed]
15. Agelidis, A.; Hadigal, S.R.; Jaishankar, D.; Shukla, D. Viral Activation of Heparanase Drives Pathogenesis of Herpes Simplex

Virus-1. Cell Rep. 2017, 20, 439–450. [CrossRef] [PubMed]
16. Surviladze, Z.; Sterkand, R.T.; Ozbun, M.A. Interaction of human papillomavirus type 16 particles with heparan sulfate and

syndecan-1 molecules in the keratinocyte extracellular matrix plays an active role in infection. J. Gen. Virol. 2015, 96, 2232–2241.
[CrossRef] [PubMed]

17. Guo, C.; Zhu, Z.; Guo, Y.; Wang, X.; Yu, P.; Xiao, S.; Chen, Y.; Cao, Y.; Liu, X. Heparanase Upregulation Contributes to Porcine
Reproductive and Respiratory Syndrome Virus Release. J. Virol. 2017, 91, e00625-17. [CrossRef] [PubMed]

18. Chhabra, M.; Doherty, G.G.; See, N.W.; Gandhi, N.S.; Ferro, V. From Cancer to COVID-19: A Perspective on Targeting Heparan
Sulfate-Protein Interactions. Chem. Rec. 2021, 21, 3087–3101. [CrossRef]

19. Buijsers, B.; Yanginlar, C.; de Nooijer, A.; Grondman, I.; Maciej-Hulme, M.L.; Jonkman, I.; Janssen, N.A.F.; Rother, N.; de Graaf,
M.; Pickkers, P.; et al. Increased Plasma Heparanase Activity in COVID-19 Patients. Front. Immunol. 2020, 11, 575047. [CrossRef]

20. Ostrovsky, O.; Grushchenko-Polaq, A.H.; Beider, K.; Mayorov, M.; Canaani, J.; Shimoni, A.; Vlodavsky, I.; Nagler, A. Identifi-
cation of strong intron enhancer in the heparanase gene: Effect of functional rs4693608 variant on HPSE enhancer activity in
hematological and solid malignancies. Oncogenesis 2018, 7, 51. [CrossRef]

21. Ostrovsky, O.; Baryakh, P.; Morgulis, Y.; Mayorov, M.; Bloom, N.; Beider, K.; Shimoni, A.; Vlodavsky, I.; Nagler, A. The HPSE
Gene Insulator—A Novel Regulatory Element That Affects Heparanase Expression, Stem Cell Mobilization, and the Risk of
Acute Graft versus Host Disease. Cells 2021, 10, 2523. [CrossRef] [PubMed]

22. Forte, E.; Zhang, Z.; Thorp, E.B.; Hummel, M. Cytomegalovirus Latency and Reactivation: An Intricate Interplay with the Host
Immune Response. Front. Cell. Infect. Microbiol. 2020, 10, 130. [CrossRef]

23. Stern, L.; Withers, B.; Avdic, S.; Gottlieb, D.; Abendroth, A.; Blyth, E.; Slobedman, B. Human Cytomegalovirus Latency and
Reactivation in Allogeneic Hematopoietic Stem Cell Transplant Recipients. Front. Microbiol. 2019, 10, 1186. [CrossRef] [PubMed]

24. Ostrovsky, O.; Shimoni, A.; Rand, A.; Vlodavsky, I.; Nagler, A. Genetic variations in the heparanase gene (HPSE) associate with
increased risk of GVHD following allogeneic stem cell transplantation: Effect of discrepancy between recipients and donors.
Blood 2010, 115, 2319–2328. [CrossRef] [PubMed]

25. Ostrovsky, O.; Shimoni, A.; Baryakh, P.; Morgulis, Y.; Mayorov, M.; Beider, K.; Shteingauz, A.; Ilan, N.; Vlodavsky, I.; Nagler, A.
Modification of heparanase gene expression in response to conditioning and LPS treatment: Strong correlation to rs4693608 SNP.
J. Leukoc. Biol. 2014, 95, 677–688. [CrossRef]

26. Schmitt, M.; Publicover, A.; Orchard, K.H.; Görlach, M.; Wang, L.; Schmitt, A.; Mani, J.; Tsirigotis, P.; Kuriakose, R.; Nagler, A.
Biosimilar G-CSF Based Mobilization of Peripheral Blood Hematopoietic Stem Cells for Autologous and Allogeneic Stem Cell
Transplantation. Theranostics 2014, 4, 280–289. [CrossRef]

27. Dunn, W.; Chou, C.; Li, H.; Hai, R.; Patterson, D.; Stolc, V.; Zhu, H.; Liu, F. Functional profiling of a human cytomegalovirus
genome. Proc. Natl. Acad. Sci. USA 2003, 100, 14223–14228. [CrossRef]

28. Nauclér, C.S.; Geisler, J.; Vetvik, K. The emerging role of human cytomegalovirus infection in human carcinogenesis: A review of
current evidence and potential therapeutic implications. Oncotarget 2019, 10, 4333–4347. [CrossRef]

29. Compton, T.; Nowlin, D.M.; Cooper, N.R. Initiation of Human Cytomegalovirus Infection Requires Initial Interaction with Cell
Surface Heparan Sulfate. Virology. 1993, 193, 834–841. [CrossRef]

30. Mitra, D.; Hasan, M.H.; Bates, J.T.; Bierdeman, M.A.; Ederer, D.R.; Parmar, R.C.; Fassero, L.A.; Liang, Q.; Qiu, H.; Tiwari, V.; et al.
The degree of polymerization and sulfation patterns in heparan sulfate are critical determinants of cytomegalovirus entry into
host cells. PLoS Pathog. 2021, 17, e1009803. [CrossRef]

31. Luganini, A.; Terlizzi, M.E.; Gribaudo, G. Bioactive Molecules Released from Cells Infected with the Human Cytomegalovirus.
Front. Microbiol. 2016, 7, 715. [CrossRef] [PubMed]

32. Sehrawat, S.; Kumar, D.; Rouse, B.T. Herpesviruses: Harmonious Pathogens but Relevant Cofactors in Other Diseases? Front. Cell.
Infect. Microbiol. 2018, 8, 177. [CrossRef] [PubMed]

http://doi.org/10.1016/S0168-1702(97)00149-4
http://doi.org/10.1128/JVI.03647-14
http://doi.org/10.3389/fimmu.2013.00385
http://doi.org/10.1016/j.pvr.2019.04.009
http://doi.org/10.3390/v7052592
http://doi.org/10.3390/pathogens6030043
http://www.ncbi.nlm.nih.gov/pubmed/28927006
http://doi.org/10.1002/rmv.494
http://www.ncbi.nlm.nih.gov/pubmed/16710837
http://doi.org/10.1016/j.virol.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30622027
http://doi.org/10.1016/j.celrep.2017.06.041
http://www.ncbi.nlm.nih.gov/pubmed/28700944
http://doi.org/10.1099/vir.0.000147
http://www.ncbi.nlm.nih.gov/pubmed/26289843
http://doi.org/10.1128/JVI.00625-17
http://www.ncbi.nlm.nih.gov/pubmed/28490587
http://doi.org/10.1002/tcr.202100125
http://doi.org/10.3389/fimmu.2020.575047
http://doi.org/10.1038/s41389-018-0060-8
http://doi.org/10.3390/cells10102523
http://www.ncbi.nlm.nih.gov/pubmed/34685503
http://doi.org/10.3389/fcimb.2020.00130
http://doi.org/10.3389/fmicb.2019.01186
http://www.ncbi.nlm.nih.gov/pubmed/31191499
http://doi.org/10.1182/blood-2009-08-236455
http://www.ncbi.nlm.nih.gov/pubmed/20075159
http://doi.org/10.1189/jlb.0313147
http://doi.org/10.7150/thno.7752
http://doi.org/10.1073/pnas.2334032100
http://doi.org/10.18632/oncotarget.27016
http://doi.org/10.1006/viro.1993.1192
http://doi.org/10.1371/journal.ppat.1009803
http://doi.org/10.3389/fmicb.2016.00715
http://www.ncbi.nlm.nih.gov/pubmed/27242736
http://doi.org/10.3389/fcimb.2018.00177
http://www.ncbi.nlm.nih.gov/pubmed/29888215


Cells 2021, 10, 3489 14 of 14

33. Taher, C.; Frisk, G.; Fuentes, S.; Religa, P.; Costa, H.; Assinger, A.; Vetvik, K.K.; Bukholm, I.R.; Yaiw, K.-C.; Smedby, K.E.; et al.
High Prevalence of Human Cytomegalovirus in Brain Metastases of Patients with Primary Breast and Colorectal Cancers. Transl.
Oncol. 2014, 7, 732–740. [CrossRef]

34. Gannon, O.; Antonsson, A.; Bennett, I.; Saunders, N. Viral infections and breast cancer—A current perspective. Cancer Lett. 2018,
420, 182–189. [CrossRef] [PubMed]

35. Samanta, M.; Harkins, L.; Klemm, K.; Britt, W.J.; Cobbs, C.S. High Prevalence of Human Cytomegalovirus in Prostatic Intraep-
ithelial Neoplasia and Prostatic Carcinoma. J. Urol. 2003, 170, 998–1002. [CrossRef]

36. Lepiller, Q.; Tripathy, M.K.; Di Martino, V.; Kantelip, B.; Herbein, G. Increased HCMV seroprevalence in patients with hepato-
cellilar carcinoma. Virol. J. 2011, 8, 485. [CrossRef]

37. Wolmer-Solberg, N.; Baryawno, N.; Rahbar, A.; Fuchs, D.; Odeberg, J.; Taher, C.; Wilhelmi, V.; Milosevic, J.; Mohammad, A-A.;
Martinsson, T.; et al. Frequent detection of human cytomegalovirus in neuroblastoma: A novel therapeutic target? Int. J. Cancer
2013, 133, 2351–2361. [CrossRef]

38. Cobbs, C.S. Cytomegalovirus and brain tumor. Curr. Opin. Oncol. 2013, 25, 682–688. [CrossRef]
39. Rahbar, A.; Orrego, A.; Peredo, I.; Dzabic, M.; Wolmer-Solberg, N.; Strååt, K.; Stragliotto, G.; Söderberg-Nauclér, C. Human

cytomegalovirus infection levels in glioblastoma multiforme are of prognostic value for survival. J. Clin. Virol. 2013, 57, 36–42.
[CrossRef]

40. Carlson, J.W.; Radestad, A.F.; Soderberg-Naucler, C.; Rahbar, A. Human cytomegalovirus in high grade serous ovarian cancer
possible implications for patients survival. Medicine 2018, 97, e9685. [CrossRef] [PubMed]

41. Soroceanu, L.; Cobbs, C.S. Is HCMV a tumor promoter? Virus Res. 2011, 157, 193–203. [CrossRef] [PubMed]
42. Martínez, F.P.; Cruz, R.; Lu, F.; Plasschaert, R.; Deng, Z.; Rivera-Molina, Y.A.; Bartolomei, M.; Lieberman, P.M.; Tang, Q. CTCF

Binding to the First Intron of the Major Immediate Early (MIE) Gene of Human Cytomegalovirus (HCMV) Negatively Regulates
MIE Gene Expression and HCMV Replication. J. Virol. 2014, 88, 7389–7401. [CrossRef] [PubMed]

43. Cantoni, N.; Hirsch, H.H.; Khanna, N.; Gerull, S.; Buser, A.; Bucher, C.; Halter, J.; Heim, D.; Tichelli, A.; Gratwohl, A.; et al.
Evidence for a Bidirectional Relationship between Cytomegalovirus Replication and acute Graft-versus-Host Disease. Biol. Blood
Marrow Transplant. 2010, 16, 1309–1314. [CrossRef] [PubMed]

44. Hadigal, S.R.; Agelidis, A.; Karasneh, G.A.; Antoine, T.E.; Yakoub, A.M.; Ramani, V.C.; Djalilian, A.R.; Sanderson, R.D.; Shukla,
D. Heparanase is a host enzyme required for herpes simplex virus-1 release from cells. Nat. Commun. 2015, 6, 6985. [CrossRef]
[PubMed]

45. Stern, J.; Miller, G.; Li, X.; Saxena, D. Virome and bacteriome: Two sides of the same coin. Curr. Opin. Virol. 2019, 37, 37–43.
[CrossRef]

http://doi.org/10.1016/j.tranon.2014.09.008
http://doi.org/10.1016/j.canlet.2018.01.076
http://www.ncbi.nlm.nih.gov/pubmed/29410005
http://doi.org/10.1097/01.ju.0000080263.46164.97
http://doi.org/10.1186/1743-422X-8-485
http://doi.org/10.1002/ijc.28265
http://doi.org/10.1097/CCO.0000000000000005
http://doi.org/10.1016/j.jcv.2012.12.018
http://doi.org/10.1097/MD.0000000000009685
http://www.ncbi.nlm.nih.gov/pubmed/29369188
http://doi.org/10.1016/j.virusres.2010.10.026
http://www.ncbi.nlm.nih.gov/pubmed/21036194
http://doi.org/10.1128/JVI.00845-14
http://www.ncbi.nlm.nih.gov/pubmed/24741094
http://doi.org/10.1016/j.bbmt.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20353832
http://doi.org/10.1038/ncomms7985
http://www.ncbi.nlm.nih.gov/pubmed/25912399
http://doi.org/10.1016/j.coviro.2019.05.007

	Introduction 
	Materials and Methods 
	Study Population 
	SNPs Analysis 
	Statistical Analysis 

	Results 
	Correlation between Enhancer and Insulator HPSE SNPs and CMV Seropositivity in Healthy Donors and Patients with Hematological Malignancies 
	Impact of CMV Infection on the Involvement of Heparanase SNPs in the Risk of Acute GVHD 
	Influence of CMV Serostatus on G-CSF-Mediated Peripheral Blood Stem Cell Mobilization 

	Discussion 
	References

