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Abstract: Human cytomegalovirus (CMV) is often transmitted through saliva. The salivary gland
is a site of CMV replication and saliva can be used to diagnose congenital CMV infections. CMV
replication is monitored in whole blood or plasma in renal transplant recipients (RTR) and associates
with clinical disease. However, these assays may not detect replication in the salivary gland and there
is little data linking detection in saliva with systemic infection and clinical sequelae. RTR (n = 82)
were recruited > 2 years after transplantation. An in-house quantitative PCR assay was used to detect
CMV UL54 in saliva samples. CMV DNA was sought in plasma using a commercial assay. Vascular
health was predicted using flow mediated dilatation (FMD) and plasma biomarkers. CMV-reactive
antibodies were quantified by ELISA and circulating CMV-specific T-cells by an interferon-γ ELISpot
assay. Vδ2− γδ T-cells were detected using multicolor flow cytometry reflecting population expansion
after CMV infection. The presence of CMV DNA in saliva and plasma associated with plasma levels
of antibodies reactive with CMV gB and with populations of circulating Vδ2− γδ T -cells (p < 0.01).
T-cells reactive to CMV immediate early (IE)-1 protein were generally lower in patients with CMV
DNA in saliva or plasma, but the level of significance varied (p = 0.02–0.16). Additionally, CMV DNA
in saliva or plasma associated weakly with impaired FMD (p = 0.06–0.09). The data suggest that CMV
detected in saliva reflects systemic infections in adult RTR.

Keywords: cytomegalovirus infection; saliva; renal transplantation

1. Introduction

Human cytomegalovirus (CMV) is a beta-herpesvirus carried by ~83% of the global adult
population [1]. In healthy individuals, most acute infections are asymptomatic but chronic infections
have been linked with diseases of aging, notably cardiovascular disease (CVD) [2]. In individuals with
acquired immunodeficiencies, such as organ transplant recipients, CMV can cause acute end-organ
disease and/or contribute to risk of graft rejection, CVD and secondary bacterial and fungal infections [3].
Symptomatic CMV infections occurs in 20–60% of transplant recipients depending on donor and
recipient CMV status, type of organ transplanted, degree of immunosuppression and use of anti-viral
prophylaxis [4].

The burden of CMV in an individual can be measured directly by the detection of CMV DNA or
indirectly via specific immune responses (antibodies in plasma or CMV-specific T-cells). IgG antibodies
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reactive with CMV assessed in plasma or serum reflect a lifetime history of infection. High titers of
CMV-reactive IgG antibodies have been associated with all-cause mortality, development of CVD
and reduced responses to influenza vaccination in elderly populations [5]. Similarly, high CMV
antibody levels in individuals living with human immunodeficiency virus (HIV) are associated with
cerebrovascular disease and CVD [6]. However, the interpretation of antibodies in this context is
confounded because antibody levels increase as HIV patients achieve an immunological response to
antiretroviral therapy [7]. Once HIV patients are stable on therapy, higher T-cell responses (particularly
CD8+ T-cell responses to immediate early (IE)-1 protein) suggest a high burden of CMV [8]. However,
this response may represent a lifetime of persistent infections that are predominantly latent, as in older
CMV seropositive adults, up to 23% of the entire CD8+ T-cell compartment can be CMV-specific [9].

It may also be possible to assess the CMV burden based on novel populations of natural killer
(NK) and T-cells that have been linked with CMV seropositivity and constitute an “immunological
footprint” [10]. This includes a subset of gamma delta (γδ) T-cells. γδ T-cells constitute < 5% of
circulating T-cells in healthy adults [11]. Most are Vγ9+ and Vδ2+, while Vδ2− (mainly Vδ1+ and Vδ3+)
cells predominate in mucosal epithelia [12]. Populations of Vδ2− γδ T-cells are expanded in renal
transplant recipients (RTR) and healthy adults who are CMV-seropositive [13].

RTR who are seronegative for CMV and receive an organ from a seropositive individual have a
high risk of clinical sequelae [4] and are routinely managed with anti-viral medication prophylaxis to
prevent clinical disease [14]. Following transplantation, CMV DNA is routinely monitored in plasma
or whole blood; whole blood may offer greater sensitivity [15–17]. However congenital CMV is usually
monitored using urine or saliva according to clinical practice guidelines [18]. CMV replicates in acinar
cells of the salivary gland and saliva is a common route of transmission [19]. Saliva is easily collected
as a non-invasive sample, but the value of detecting CMV in the saliva of adults is not well understood.

The present study utilizes clinical and immunological measures of the systemic footprint of CMV
to assess the value of detecting CMV DNA in saliva samples compared with a commercial assay based
on CMV DNA in plasma.

2. Results

2.1. Frequency of CMV DNA Detection in Saliva and Plasma

RTR were screened for the presence of CMV DNA in saliva samples using an in-house qPCR
assay and in plasma using a commercial assay (Abbot Molecular). CMV DNA was detected in 11 (13%)
saliva samples and 16 (21%) plasma samples. Nine individuals had detectable CMV DNA in both
saliva and plasma, so detection of CMV DNA in saliva was more common in RTR who had CMV DNA
in their plasma (p < 0.0001).

2.2. CMV DNA Detected in Saliva is Associated with Immunological Responses to CMV

All comparisons are shown in Supplementary Table S1 and informative comparisons are presented
in Figure 1. The presence of CMV DNA in saliva or plasma from RTR associated with plasma levels
of CMV antibodies detected with gB antigen (Figure 1A, p = 0.009 and Figure 1B, p = 0.006) and
populations of Vδ2− γδ T-cells (Figure 1C, p = 0.01 and Figure 1D, p = 0.005). Presence of CMV DNA
in saliva also associated with increased T-cell responses to the VLE peptide (Figure 1G, p = 0.02) which
is a component of the IE-1 antigen. T-cell responses to IE-1 peptide pool followed a similar pattern
(Figure 1E, p = 0.14). The presence of CMV DNA in plasma associated with increased T-cell responses
to IE-1 peptides (Figure 1F, p = 0.04) and generally higher VLE-specific T-cell responses (Figure 1H,
p = 0.16). T-cell responses to the NLV peptide were higher in individuals carrying CMV DNA in saliva
(Figure 1K, p = 0.03) and followed a similar trend in patients with CMV DNA in plasma (Figure 1L,
p = 0.54). However, one patient with CMV DNA in saliva and high NLV-specific T-cell responses had
no CMV DNA in plasma detected with the Abbot Molecular qPCR assay, so this did not approach
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significance. There were no associations with antibodies targeting CMV lysate or IE-1, T-cell responses
to CMV lysate or pp65 pooled peptides, or inflammatory biomarkers (Supplementary Table S1).
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2.3. CMV DNA Displayed Weak Positive Associations with Cardiovascular Risk 

The presence of CMV DNA in saliva or plasma associated weakly with inferior flow mediated 
dilatation (FMD) (Figure 2A, p = 0.087 and Figure 2B, p = 0.062). There were no associations with 
carotid intima media thickness (cIMT) (p > 0.52; Supplementary Table S1) but biomarkers associated 
with CVD showed some consistent trends. The presence of CMV DNA in plasma associated with 
plasma levels of VCAM-1 (Figure 2D, p = 0.03), with a similar trend to levels of ICAM-1 
(Supplementary Table S1). Accordingly, high VCAM-1 correlated weakly with reduced FMD (p = 
0.04, r = –0.24), whilst there was no correlation between ICAM-1 and FMD. The pattern was similar 
when CMV DNA was assessed in saliva, but the trends were not significant (Figure 1C p = 0.27 and 
Figure 1D p = 0.20, respectively). Additionally, levels of p-selectin in plasma were lower in RTR with 
CMV DNA in saliva or plasma (p = 0.01). 

Figure 1. Human cytomegalovirus (CMV) DNA was detected using an in-house qPCR targeting UL54
in saliva or a commercial assay (Abbot Molecular) in plasma. Plots (A) and (B) compare levels of gB
reactive antibodies in plasma. Plots (C) and (D) compare populations of Vδ2− γδ T-cells as a percentage
of CD3+ cells. Plots (E) and (F) compare T-cell responses to the immediate early (IE)-1 antigen. Plots (G)
and (H) compare T-cell responses to the VLE peptide. Plots (I) and (J) compare T-cell responses to the
pp65 antigen. Plots (K) and (L) compare T-cell responses to the NLV peptide reported as interferon-γ
spot forming units per 200,000 cells. Points colored red represent CMV seronegative individuals.

2.3. CMV DNA Displayed Weak Positive Associations with Cardiovascular Risk

The presence of CMV DNA in saliva or plasma associated weakly with inferior flow mediated
dilatation (FMD) (Figure 2A, p = 0.087 and Figure 2B, p = 0.062). There were no associations with
carotid intima media thickness (cIMT) (p > 0.52; Supplementary Table S1) but biomarkers associated
with CVD showed some consistent trends. The presence of CMV DNA in plasma associated with
plasma levels of VCAM-1 (Figure 2D, p = 0.03), with a similar trend to levels of ICAM-1 (Supplementary
Table S1). Accordingly, high VCAM-1 correlated weakly with reduced FMD (p = 0.04, r = −0.24),
whilst there was no correlation between ICAM-1 and FMD. The pattern was similar when CMV DNA
was assessed in saliva, but the trends were not significant (Figure 1C p = 0.27 and Figure 1D p = 0.20,
respectively). Additionally, levels of p-selectin in plasma were lower in RTR with CMV DNA in saliva
or plasma (p = 0.01).
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Figure 2. DNA was detected using an in-house qPCR targeting UL54 in saliva or a commercial
assay (Abbot Molecular) in plasma. Plots (A) and (B) compare flow mediated dilatation (FMD). Plots
(C) and (D) compare levels of VCAM-1 in plasma. Plots (E) and (F) compare levels of ICAM-1 in
plasma. Plots (G) and (H) compare levels of p-selectin in plasma. Points colored red represent CMV
seronegative individuals.

3. Discussion

Our study evaluated the utility of detecting CMV DNA in saliva samples from RTR. Saliva was
pursued as a non-invasive alternative to blood because it may capture bursts of CMV replication in
acinar cells [20]. CMV replication can be missed when assessed in plasma from HIV patients with
CMV disease [21]. We provide evidence that detection of CMV DNA in saliva is reflective of systemic
immune responses to the virus, marked by antibody and T-cell responses. The associations mirror
those seen when CMV DNA was detected in plasma with a clinical assay used to monitor CMV
after transplantation.

The presence of CMV DNA at either site associated with levels of gB antibody, but not with
antibody reactive with CMV lysate or IE-1. There is considerable evidence that gB is a major target for
the immune system [22,23]. Moreover, gB is a vaccine candidate and a recent longitudinal study of this
cohort suggests that antibodies against gB may be protective against deterioration of cardiovascular
health measured by FMD (Affandi et al., submitted for publication). One seronegative individual tested
positive for CMV DNA in saliva but was not assessed by the Abbot assay. The patient did not have
detectable IgM reactive with CMV gB in plasma or saliva (data not shown). However, the transplanted
kidney was from a seropositive donor and it is notable that seroconversion did not occur. Overall,
26 plasma and seven saliva samples were assessed for IgM reactive with CMV gB. Only one sample
had detectable IgM and it was present in both plasma and saliva (data not shown). This suggests that
new infections are rare—a contention supported by assessments of γδ T-cells.

The presence of CMV DNA in saliva or plasma was also associated with similarly elevated
proportions of Vδ2− γδ T-cells. These comprise cells expressing Vδ1, Vδ3 and Vδ5. In our cohort, Vδ2−

γδ T-cells represent around 0.5% of the T-cell population in CMV-seronegative RTR and 5–10% in
seropositive RTR [13]. The likelihood that detection of CMV DNA several years after transplantation is
due to reactivation rather than a primary infection may explain the clear association between increased
populations of Vδ2− γδ T-cells and CMV DNA positivity. Similar findings were noted by Pitard et al.
who linked maximal changes in T-cell populations with reactivation rather than primary infection. They
compared donor negative/recipient positive (D−/R+) renal transplants resulting in a CMV reactivation
event with D+/R− transplants where there was a primary CMV infection [24].
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Detection of CMV DNA in plasma associated significantly with T-cell (CD4+ and CD8+) responses
to the IE-1 peptide pool and weakly with CD8+ T-cell responses to the IE-1 peptide, VLE. Detection of
CMV DNA in saliva associated significantly with T-cell responses to VLE and weakly with responses
to the IE-1 peptide pool. In RTR, strong T-cell responses to IE-1 may decrease graft rejection and
improve graft function [25]. IE-1 is the first protein expressed during reactivation, so IE-1-reactive
T-cells may control bursts of replication quickly. CMV DNA in saliva also associated with increased
CD8+ T-cell responses to the pp65 peptide, NLV, but not with T-cell responses to pp65 peptide pools
(Figure 1I–L). Accordingly, Leng et al. associated NLV T-cell responses with the presence of CMV DNA
from peripheral blood mononuclear cells (PBMC) in adults over 70 years of age [26].

In this cohort, levels of CMV antibody were an independent marker of reduced FMD [27] and
CMV DNA in both saliva and plasma aligned weakly with impaired FMD. FMD is an assessment of
endothelial function based on the ability of the artery to respond to shear stress [28]. Associations
between CMV and cardiovascular disease have been validated in a meta-analysis [2]. Here, CMV DNA
in plasma also associated with levels of VCAM-1, and levels of ICAM-1 followed a similar trend.
VCAM-1 and ICAM-1 are cell adhesion molecules that bind to integrins to aid in the transcellular
migration of leukocytes. Both are expressed in atherosclerotic lesions [29,30].

p-selectin is a cell adhesion molecule expressed on platelets and endothelial cells. p-selectin
is implicated in the formation of atherosclerotic lesions in mice [31] and myocardial infarction in
humans [32]. Paradoxically, CMV DNA in plasma or saliva associated with decreased levels of
p-selectin in plasma. Moreover, elevated plasma p-selectin associated with increased FMD in healthy
adults recruited in parallel with the RTR described herein (Affandi et al., submitted for publication).
Studies of cell-bound and soluble p-selectin are required to unravel the pathways invoked.

The current study assessed the systemic effect of detecting CMV DNA in saliva in RTR who were
>2 years post-transplant and clinically stable at the time of recruitment. Futures studies are needed to
address the clinical utility of detecting CMV DNA in saliva in individuals at risk of active disease.

4. Materials and Methods

4.1. Study Cohort

Eighty-two RTR were recruited from renal clinics at Royal Perth Hospital (Western Australia).
Inclusion criteria were clinical stability >2 years after transplant, no CMV disease or reactivation within
6 months of sample collection and no current anti-viral treatment. RTR infected with hepatitis B or
C were excluded. Ethics approval was obtained from Royal Perth Hospital Human Research Ethics
Committee (approval number: EC 2012/155) and endorsed by Curtin University Human Research
Ethics Committee (approval number: HR16/2015). Participants provided written informed consent.

4.2. Detection of CMV DNA in Plasma and Saliva

Saliva (approximately 5 mL) was collected after a water mouth wash by asking the participant to
spit into a 50 mL centrifuge tube. Samples were centrifuged (1000× g, 10 min). DNA was extracted
from the pellet using FavorPrep Blood Genomic DNA Extraction Mini Kits (Favorgen, Ping-Tung,
Taiwan) and stored at −80 ◦C. CMV was detected using an in-house qPCR assay with primers targeting
the UL54 gene (CMV DNA polymerase) [7]. Quantitation was achieved using a standard curve created
using DNA extracted from a lysate of CMV (AD169)-infected HFF which was serially diluted 10-fold.
Samples were considered positive if a steady amplification curve was initiated before 38 cycles (a
cut-off based on the lowest point on the standard curve). Positive results were normalized against
the gene encoding beta-2-microgobulin and values were reported in arbitrary units (range: 44–721).
CMV DNA was also detected in EDTA plasma using the Abbot Molecular assay (Abbot Laboratories,
Chicago, IL, USA) in the Department of Microbiology, Royal Perth Hospital (Western Australia). Five
seronegative plasma samples were not assessed using the Abbot Molecular assay and were excluded
from analyses. The Abbot assay reported samples as either “Not detected”, “< 20 copies/mL” or as
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a viral load. Samples with viral loads or reported as <20 copies/mL were analyzed as CMV DNA
positive. The two assays do not provide viral loads on the same scale; analyses compare samples
grouped as CMV DNA positive or negative.

4.3. Immunological Assessments of CMV Burden

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density centrifugation. Plasma
was stored in −80 ◦C and PBMC in liquid nitrogen. Plasma CMV IgG titers were assessed using
in-house ELISAs based on a lysate of fibroblasts infected with CMV AD169, recombinant CMV gB
(Chiron Diagnostics, Medfield, MA, USA) or IE-1 protein (Miltenyi Biotech, Cologne, Germany).
Results are presented as arbitrary units (AU)/mL based on a standard plasma pool [23], allowing
comparisons between people but not between antigens. Plasma levels of vascular biomarkers (p-selectin,
ICAM-1 and VCAM-1) and inflammatory biomarkers (sTNFR1, sCD14 and CRP) were quantified
using commercial ELISA antibody pairs (R&D Systems, Minneapolis, MN, USA).

PBMC were used to assess T-cell responses to CMV lysate and peptide pools derived from pp65
and IE-1 (JPT Peptide Technologies; Berlin, Germany) via ELISpot assay. These antigens and peptide
pools are known to stimulate CD4+ and CD8+ T-cell responses. CD8+ T-cell responses to NLV and
VLE peptides (derived from pp65 and IE-1, respectively) were assessed in samples from individuals
who carried human leukocyte antigen (HLA)-A2. PBMCs were also used to enumerate Vδ2− γδ T-cells
using multicolor flow cytometry, as the population is expanded in CMV-seropositive RTR [13].

4.4. Assessment of Vascular Pathology

Ultrasonography was used to assess carotid intima media thickness (cIMT) and flow mediated
dilatation (FMD) of the brachial artery after 10 min of rest [33]. cIMT is a measurement of the thickness
of the inner layer (intima) of the carotid artery and is a marker of subclinical atherosclerosis. FMD
assesses the ability of the larger conduit artery to respond to shear stress via endothelial-dependent
and -independent mechanisms.

4.5. Statistical Analyses

Mann–Whitney non-parametric statistics and Fisher′s exact tests utilized GraphPad Prism version
8 for Windows (Graphpad Software, La Jolla CA, USA). Comparisons achieving p < 0.05 were considered
significant while comparisons achieving 0.05 < p < 0.1 are noted as a trend.

5. Conclusions

This study addressed the utility of detecting CMV DNA in saliva in RTR compared with assays
using plasma in clinical settings. We show that CMV DNA detected in saliva reflects systemic infection
as assessed by antibody and T-cell responses and note a trend of impaired cardiovascular health
assessed by FMD when CMV DNA was present at either site.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5230/s1.
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Abbreviations

AU Arbitrary units
cIMT Carotid intimal media thickness
CMV Human cytomegalovirus
CVD Cardiovascular disease
FMD Flow mediated dilatation
PBMC Peripheral blood mononuclear cells
qPCR Quantitative PCR
RTR Renal transplant recipients

References

1. Zuhair, M.; Smit, G.S.A.; Wallis, G.; Jabbar, F.; Smith, C.; Devleesschauwer, B.; Griffiths, P. Estimation of the
worldwide seroprevalence of cytomegalovirus: A systematic review and meta-analysis. Rev. Med. Virol.
2019, 29, e2034. [CrossRef] [PubMed]

2. Wang, H.; Peng, G.; Bai, J.; He, B.; Huang, K.; Hu, X.; Liu, D. Cytomegalovirus Infection and Relative Risk of
Cardiovascular Disease (Ischemic Heart Disease, Stroke, and Cardiovascular Death): A Meta-Analysis of
Prospective Studies Up to 2016. J. Am. Heart Assoc. 2017. [CrossRef] [PubMed]

3. Jovana, C.; Sladjana, U.; Ivan, J.; Milan, V.; Vladisav, S. Viral infection in renal transplant recipients.
Sci. World J. 2012, 2012, 820621.

4. Fischer, S.A.; Avery, R.K.; AST Infectious Disease Community of Practice. Screening of donor and recipient
prior to solid organ transplantation. Am. J. Transplant. 2009, 9, S7–S18. [CrossRef] [PubMed]

5. Roberts, E.T.; Haan, M.N.; Dowd, J.B.; Aiello, A.E. Cytomegalovirus antibody levels, inflammation, and
mortality among elderly Latinos over 9 years of follow-up. Am. J. Epidemiol. 2010, 172, 363–371. [CrossRef]
[PubMed]

6. Lichtner, M.; Cicconi, P.; Vita, S.; Cozzi-Lepri, A.; Galli, M.; Lo Caputo, S.; Saracino, A.; De Luca, A.;
Moioli, M.; Maggiolo, F.; et al. Cytomegalovirus coinfection is associated with an increased risk of severe
non-AIDS-defining events in a large cohort of HIV-infected patients. J. Infect. Dis. 2015, 211, 178–186.
[CrossRef]

7. Karim, B.; Wijaya, I.P.; Rahmaniy, R.; Ariyanto, I.; Waters, S.; Estiasari, R.; Price, P. Factors affecting affect
cardiovascular health in Indonesian HIV patients beginning ART. AIDS Res. Ther. 2017, 14, 52. [CrossRef]

8. Affandi, J.S.; Montgomery, J.; Brunt, S.J.; Nolan, D.; Price, P. The immunological footprint of CMV in HIV-1
patients stable on long-term ART. Immun. Ageing 2015, 12, 14. [CrossRef]

9. Khan, N.; Shariff, N.; Cobbold, M.; Bruton, R.; Ainsworth, J.A.; Sinclair, A.J.; Nayak, L.; Moss, P.A.
Cytomegalovirus seropositivity drives the CD8 T cell repertoire toward greater clonality in healthy elderly
individuals. J. Immunol. 2002, 169, 1984–1992. [CrossRef]

10. Waters, S.; Brook, E.; Lee, S.; Estiasari, R.; Ariyanto, I.; Price, P. HIV patients, healthy aging and transplant
recipients can reveal the hidden footprints of CMV. Clin. Immunol. 2018, 187, 107–112. [CrossRef]

11. Groh, V.; Porcelli, S.; Fabbi, M.; Lanier, L.L.; Picker, L.J.; Anderson, T.; Warnke, R.A.; Bhan, A.K.;
Strominger, J.L.; Brenner, M.B. Human lymphocytes bearing T cell receptor gamma/delta are phenotypically
diverse and evenly distributed throughout the lymphoid system. J. Exp. Med. 1989, 169, 1277–1294.
[CrossRef] [PubMed]

12. Dunne, M.R.; Elliott, L.; Hussey, S.; Mahmud, N.; Kelly, J.; Doherty, D.G.; Feighery, C.F. Persistent changes in
circulating and intestinal gammadelta T cell subsets, invariant natural killer T cells and mucosal-associated
invariant T cells in children and adults with coeliac disease. PLoS ONE 2013, 8, e76008. [CrossRef] [PubMed]

13. Lee, S.; Affandi, J.S.; Irish, A.B.; Price, P. Cytomegalovirus infection alters phenotypes of different gammadelta
T-cell subsets in renal transplant recipients with long-term stable graft function. J. Med. Virol. 2017, 89,
1442–1452. [CrossRef] [PubMed]

14. Razonable, R.R.; Humar, A. Cytomegalovirus in solid organ transplant recipients-Guidelines of the American
Society of Transplantation Infectious Diseases Community of Practice. Clin. Transplant. 2019, 33, e13512.
[CrossRef] [PubMed]

15. Koidl, C.; Bozic, M.; Marth, E.; Kessler, H.H. Detection of CMV DNA: Is EDTA whole blood superior to
EDTA plasma? J. Virol. Methods 2008, 154, 210–212. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/rmv.2034
http://www.ncbi.nlm.nih.gov/pubmed/30706584
http://dx.doi.org/10.1161/JAHA.116.005025
http://www.ncbi.nlm.nih.gov/pubmed/28684641
http://dx.doi.org/10.1111/j.1600-6143.2009.02888.x
http://www.ncbi.nlm.nih.gov/pubmed/20070698
http://dx.doi.org/10.1093/aje/kwq177
http://www.ncbi.nlm.nih.gov/pubmed/20660122
http://dx.doi.org/10.1093/infdis/jiu417
http://dx.doi.org/10.1186/s12981-017-0180-9
http://dx.doi.org/10.1186/s12979-015-0041-0
http://dx.doi.org/10.4049/jimmunol.169.4.1984
http://dx.doi.org/10.1016/j.clim.2017.11.001
http://dx.doi.org/10.1084/jem.169.4.1277
http://www.ncbi.nlm.nih.gov/pubmed/2564416
http://dx.doi.org/10.1371/journal.pone.0076008
http://www.ncbi.nlm.nih.gov/pubmed/24124528
http://dx.doi.org/10.1002/jmv.24784
http://www.ncbi.nlm.nih.gov/pubmed/28198539
http://dx.doi.org/10.1111/ctr.13512
http://www.ncbi.nlm.nih.gov/pubmed/30817026
http://dx.doi.org/10.1016/j.jviromet.2008.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18789976


Int. J. Mol. Sci. 2019, 20, 5230 8 of 9

16. Von Muller, L.; Hinz, J.; Bommer, M.; Hampl, W.; Kluwick, S.; Wiedmann, M.; Bunjes, D.; Mertens, T. CMV
monitoring using blood cells and plasma: A comparison of apples with oranges? Bone Marrow Transplant.
2007, 39, 353–357. [CrossRef]

17. Von Muller, L.; Hampl, W.; Hinz, J.; Meisel, H.; Reip, A.; Engelmann, E.; Heilbronn, R.; Gartner, B.; Kramer, O.;
Einsele, H.; et al. High variability between results of different in-house tests for cytomegalovirus (CMV)
monitoring and a standardized quantitative plasma CMV PCR assay. J. Clin. Microbiol. 2002, 40, 2285–2287.
[CrossRef]

18. Neonatal Directorate Management Committee. Cytomegalovirus (CMV) Neonatal
Pathway. Available online: https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=

web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%
3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%
2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.
CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw (accessed
on 22 November 2016).

19. Amin, M.M.; Bialek, S.R.; Dollard, S.C.; Wang, C. Urinary Cytomegalovirus Shedding in the United States:
The National Health and Nutrition Examination Surveys, 1999–2004. Clin. Infect. Dis. 2018, 67, 587–592.
[CrossRef]

20. Morrison, K.M.; Beucler, M.J.; Campbell, E.O.; White, M.A.; Boody, R.E.; Wilson, K.C.; Miller, W.E.
Development of a Primary Human Cell Model for the Study of Human Cytomegalovirus Replication and
Spread within Salivary Epithelium. J. Virol. 2019. [CrossRef]

21. Brantsaeter, A.B.; Holberg-Petersen, M.; Jeansson, S.; Goplen, A.K.; Bruun, J.N. CMV quantitative PCR in the
diagnosis of CMV disease in patients with HIV-infection-a retrospective autopsy based study. BMC Infect. Dis.
2007, 7, 127. [CrossRef]

22. Britt, W.J.; Vugler, L.; Butfiloski, E.J.; Stephens, E.B. Cell surface expression of human cytomegalovirus
(HCMV) gp55–116 (gB): Use of HCMV-recombinant vaccinia virus-infected cells in analysis of the human
neutralizing antibody response. J. Virol. 1990, 64, 1079–1085. [PubMed]

23. Gonczol, E.; deTaisne, C.; Hirka, G.; Berencsi, K.; Lin, W.C.; Paoletti, E.; Plotkin, S. High expression of human
cytomegalovirus (HCMV)-gB protein in cells infected with a vaccinia-gB recombinant: The importance of
the gB protein in HCMV immunity. Vaccine 1991, 9, 631–637. [CrossRef]

24. Pitard, V.; Roumanes, D.; Lafarge, X.; Couzi, L.; Garrigue, I.; Lafon, M.E.; Merville, P.; Moreau, J.F.;
Dechanet-Merville, J. Long-term expansion of effector/memory Vdelta2-gammadelta T cells is a specific
blood signature of CMV infection. Blood 2008, 112, 1317–1324. [CrossRef] [PubMed]

25. Nickel, P.; Bold, G.; Presber, F.; Biti, D.; Babel, N.; Kreutzer, S.; Pratschke, J.; Schonemann, C.; Kern, F.;
Volk, H.D.; et al. High levels of CMV-IE-1-specific memory T cells are associated with less alloimmunity and
improved renal allograft function. Transpl. Immunol. 2009, 20, 238–242. [CrossRef] [PubMed]

26. Leng, S.X.; Qu, T.; Semba, R.D.; Li, H.; Yao, X.; Nilles, T.; Yang, X.; Manwani, B.; Walston, J.D.; Ferrucci, L.;
et al. Relationship between cytomegalovirus (CMV) IgG serology, detectable CMV DNA in peripheral
monocytes, and CMV pp65(495–503)-specific CD8+ T cells in older adults. Age 2011, 33, 607–614. [CrossRef]

27. Lee, S.; Brook, E.; Affandi, J.; Howson, P.; Tanudjaja, S.A.; Dhaliwal, S.; Irish, A.; Price, P. A high burden
of cytomegalovirus marks poor vascular health in transplant recipients more clearly than in the general
population. Clin. Transl. Immunol. 2019, 8, e1043. [CrossRef]

28. Raitakari, O.T.; Celermajer, D.S. Flow-mediated dilatation. Br. J. Clin. Pharmacol. 2000, 50, 397–404. [CrossRef]
29. O’Brien, K.D.; Allen, M.D.; McDonald, T.O.; Chait, A.; Harlan, J.M.; Fishbein, D.; McCarty, J.; Ferguson, M.;

Hudkins, K.; Benjamin, C.D.; et al. Vascular cell adhesion molecule-1 is expressed in human coronary
atherosclerotic plaques. Implications for the mode of progression of advanced coronary atherosclerosis.
J. Clin. Investig. 1993, 92, 945–951. [CrossRef]

30. O’Brien, K.D.; McDonald, T.O.; Chait, A.; Allen, M.D.; Alpers, C.E. Neovascular expression of E-selectin,
intercellular adhesion molecule-1, and vascular cell adhesion molecule-1 in human atherosclerosis and their
relation to intimal leukocyte content. Circulation 1996, 93, 672–682. [CrossRef]

31. Molenaar, T.J.; Twisk, J.; de Haas, S.A.; Peterse, N.; Vogelaar, B.J.; van Leeuwen, S.H.; Michon, I.N.; van
Berkel, T.J.; Kuiper, J.; Biessen, E.A. P-selectin as a candidate target in atherosclerosis. Biochem. Pharmacol.
2003, 66, 859–866. [CrossRef]

http://dx.doi.org/10.1038/sj.bmt.1705593
http://dx.doi.org/10.1128/JCM.40.6.2285-2287.2002
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw
https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwiH8aGjkaXlAhVtHKYKHTL8DuMQFjABegQIARAC&url=https%3A%2F%2Fwww.kemh.health.wa.gov.au%2F~{}%2Fmedia%2FFiles%2FHospitals%2FWNHS%2FFor%2520health%2520professionals%2FClinical%2520guidelines%2FNEO%2FWNHS.NEO.CytomegalovirusCMVNeonatalPathway.pdf&usg=AOvVaw2J7Zoi-qFtQUq9CmNiHCkw
http://dx.doi.org/10.1093/cid/ciy143
http://dx.doi.org/10.1128/JVI.01608-18
http://dx.doi.org/10.1186/1471-2334-7-127
http://www.ncbi.nlm.nih.gov/pubmed/2154594
http://dx.doi.org/10.1016/0264-410X(91)90187-B
http://dx.doi.org/10.1182/blood-2008-01-136713
http://www.ncbi.nlm.nih.gov/pubmed/18539896
http://dx.doi.org/10.1016/j.trim.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19032982
http://dx.doi.org/10.1007/s11357-011-9205-9
http://dx.doi.org/10.1002/cti2.1043
http://dx.doi.org/10.1046/j.1365-2125.2000.00277.x
http://dx.doi.org/10.1172/JCI116670
http://dx.doi.org/10.1161/01.CIR.93.4.672
http://dx.doi.org/10.1016/S0006-2952(03)00387-3


Int. J. Mol. Sci. 2019, 20, 5230 9 of 9

32. Bath, P.M.; May, J.; Heptinstall, S. Clinical utility of remote platelet function measurement using P-selectin:
Assessment of aspirin, clopidogrel, and prasugrel and bleeding disorders. Platelets 2018, 29, 425–430.
[CrossRef] [PubMed]

33. Price, P.; Lee, S.; Affandi, J.; Parsons, R.; Naylor, L.H.; Watts, G.F.; Irish, A. Cytomegalovirus antibody and
vascular pathology in renal transplant recipients. J. Med. Virol. 2017, 89, 177–181. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/09537104.2018.1445839
http://www.ncbi.nlm.nih.gov/pubmed/29667460
http://dx.doi.org/10.1002/jmv.24602
http://www.ncbi.nlm.nih.gov/pubmed/27312237
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The detection of CMV in saliva can mark a systemic infection with CMV in renal transplant recipients
	Introduction 
	Results 
	Frequency of CMV DNA Detection in Saliva and Plasma 
	CMV DNA Detected in Saliva is Associated with Immunological Responses to CMV 
	CMV DNA Displayed Weak Positive Associations with Cardiovascular Risk 

	Discussion 
	Materials and Methods 
	Study Cohort 
	Detection of CMV DNA in Plasma and Saliva 
	Immunological Assessments of CMV Burden 
	Assessment of Vascular Pathology 
	Statistical Analyses 

	Conclusions 
	References

