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Figure 5. EZH2 depletion inhibits cell growth of

NKTL tumor cells. (A) Effects of EZH2 knockdown on

cell growth of NKYS celis. EZH2 shRNAs or control

shRNA plasmids were cotransfected with a GFP-
expressing plasmid pMAX-GFP in cells by electropora-

tion. The percentage of GFP+ cells was determined by

a Tali image-based cytometer at 18 hours after trans-

fection. Cells transfected with EZH2 shRNA, but not

those transfected with an empty vector or unrelated

shRNA, exhibited a severe competitive growth disad-

o vantage and cell death, as indicated by a significant
\ed depletion of GFP-+ cells with time. (B) gRT-PCR anal-
ysis of CCND1 transcription in NKYS cells with EZH2
depleted by RNAI. (C) Rescue of EZH2 shRNA induced
cell viability loss by forced expression of EZH2 SETA.
Endogenous EZH2 was knocked down by an EZH2
shRNA-2, or was restored to physiological levels by
ectopically expressing EZH2 shRNA2-resistant EZH2 SETA
in NKYS and KHYG1 cells. Cells were cotransfected with
EZH2 shRNA, together with either EZH2 WT or EZH2
SETA. Control transfections included a pLKO shRNA
and pcDNA4.1, respectively. pMAX-GFP was cotrans-
fected with other plasmids in each transfection to mark
successfully transfected cells. The percentage of GFP+
live cells was determined by a Tali image-based cy-
tometer at 18 hours after transfection. (D) Schematic
description of EZH2 protein as well as the relative po-
sitions of regions targeted by EZH2 shRNAs. shRNAs
expressed from a pLKO.1 vector targeting 3 regions of
EZH2 are shown as black bars in relationship to the
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compound capable of depleting PRC2 components called DZNep.*!
As reported previously,>™* DZNep effectively and dose-dependently
reduced cellular levels of EZH2 in KHYG1 and NKYS, resulting
in apoptosis as detected by PARP cleavage using western blot
and Annexin V analysis by flow cytometry in a dose-dependent
manner (Figure 6A,C). At the same time, CCND1 is down-
regulated by DZNep at both the mRNA and protein levels
(Figure 6A-B). In line with the diminished CCND1, NKYS treated
with DZNep showed a substantial reduction in their proliferation
rate, as illustrated by a 40% decrease in their BrdU incorporation
(supplemental Figure 10). Thus, DZNep was able to phenocopy
the effects of EZH2 knockdown on cell growth and CCND1
expression.

We next explored whether depletion of EZH?2 is responsible for
the cell growth inhibition and apoptosis observed by DZNep
treatment in malignant NK cells. It is worth noting that DZNep
depleted endogenous EZH?2 protein but had no significant effect on
exogenous EZH2 WT and EZH2 SETA (supplemental Figure 11).
We observed a decrease in the DZNep-induced inhibition of cell
growth in NKYS cells expressing both exogenous EZH2 WT and
EZH2 SETA, compared with cells transfected with empty vector
(Figure 6D). Although DZNep is not a specific inhibitor of EZH2
and may affect other molecules,® these findings indicate that
DZNep-induced loss of cell viability in NKTL cells is, in large
part, the result of a decrease in EZH?2 levels.
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Lastly, we evaluated the effects of DZNep on cell growth in
other NK cell lines compared with normal NK cells. The MTS
assay demonstrated that all of the additional 4 cell lines responded
to DZNep treatment, whereas DZNep had minimal effects on
normal NK cells (supplemental Figure 12A). Interestingly, the
sensitivity of different cell lines to DZNep treatment seems to be
related to EZH2 expression levels (supplemental Figure 12B).

Discussion

The data presented here show that EZH2 is aberrantly overex-
pressed in NKTL and that this is linked to Myc-mediated repression
of miRNAs, such as miR26 and miR101 that normally target and
inhibit EZH2 expression. This regulatory network demonstrated in
NKTL further strengthens the recently proposed model that MYC
may stimulate EZH2 overexpression by repression of its negative
regulatory miRNAs.” Importantly, EZH2 overexpression is func-
tionally important in NKTL, and the ability of EZH2 to promote
proliferation in NKTL does not require its histone methyltransferase
activity. Thus, for the first time our findings have uncovered
a crucial and novel role for EZH2 in control of cell proliferation.
Given our findings, it is likely that this unconventional role of EZH2
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Figure 6. DZNep inhibits cell growth and induces A
apoptosis in NKTL tumor cells. (A) Western blot
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analysis of NK tumor cells exposed to increasing
concentrations of DZNep showed a dose-dependent
decrease in EZH2 protein, a decrease in CCND1
protein, and PARP cleavage in response to DZNep
treatment. Cells were treated with indicated concentra-
tion of DZNep for 48 hours. Actin was used as a loading
control. (B) Reduction of CCND1 mRNAs in DZNep-
treated cells. The RNA harvested from the cells at 48
hours after treatment with DZNep at 5 pM, reverse-
transcribed, subjected to gPCR by using primers
specific for CCND1. (C) Quantification of cell viability
in KHYG and NKYS cells treated with DZNep. Data are
mean *standard deviation of 3 independent experi-
ments. (D) The rescued effects by EZH2 or EZH2A
overexpression on DZNep-induced cell growth inhibi-
tion. Control plasmid or EZH2-expressing plasmids
were cotransfected with pMAX-GFP to NKYS cells.
Cells were then cultured in the absence or presence
of DZNep at 10 uM for 48 hours. The percentage of
GFP+ live cells was accessed by a Tali image-based
cytometer.
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seen in NTKL may represent a more general feature that may be also
operational in other malignancies.

The best-understood mechanism by which EZH2 exerts its
oncogenic function is to induce gene repression through its effect on
chromatin via its histone methyltransferase activity that requires the
SET domain of EZH2. However, there has been emerging evidence
implying EZH2 functions that are not compatible with the tran-
scription repression model. The oncogenic function of EZH2 has
been attributed to the silencing of tumor suppressor genes such as
ARF. ps7k1P2,>" FBX032,% p27,*® and BRCA1.> Bracken and
colleagues demonstrated that the downregulation of EZH2 expres-
sion by RNAI did not increase the expression of these negative
regulators of the cell cycle.?”’ On the other hand, there was a sig-
nificant decrease in the positive regulators of cell proliferation such
as G1/S-expressed cyclins in EZH2 knockdown cells.>” These ob-
servations suggest that EZH2 is required for activation or main-
tenance of the activated state of certain genes in proliferating cells.
The first evidence indicating a role of EZH2 in transcriptional ac-
tivation was provided by Shi and colleagues®® in which EZH2
interacts directly with estrogen receptor and B-catenin, functionally
enhancing gene transactivation in the estrogen and Wnt pathways.
In a more recent study, we demonstrated that EZH2 in aggressive
breast cancer cells can positively modulate the NF-«B target gene
by forming a ternary complex with RelA and RelB.>® Notably,
both studies demonstrated that this transcriptional activation activ-
ity is independent of the EZH2 SET domain and H3K27me3, al-
though neither study has provided a phenotypic demonstration of
such a histone methyltransferase-independent function of EZH2.
Our results here clearly demonstrate that EZH2 enhances prolif-
eration of malignant NK cells without requiring its enzyme activ-
ity, which highlights a mechanism not well recognized for EZH2
function. ‘

Recent reports increasingly suggest an important role of EZH2 in
a wide range of hematologic malignancies, yet its exact tumorigenic
role and mechanism and the pathways it deregulates seem to vary in
different malignancies. For example, we recently showed that EZH2
enzymatic function in acute myeloid leukemia is important and may
be involved in deregulating metabolic pathway genes.>* On the other
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hand, in the current study in NKTL, the nonenzymatic mechanism
seems to be important in driving cell cycle progression by activating
CCND1 expression. The understanding of how EZH2 works as an
oncogene in different cancers has important therapeutic implications.
EZH?2 is currently thought to be important in oncogenesis through
its enzymatic activity; hence, inhibitors in development are mostly
targeting EZH2 enzymatic activity. Our study demonstrates that the
oncogenic function of EZH2 may not always be dependent on its
enzymatic activities. Therefore, small-molecule drugs that block
EZH2 enzymatic activity will not work in these situations. This
implies a need to review current therapeutic strategies. In view of the
dual function of EZH2 in transcription activation and epigenetic
repression, ideally there is a need to identify tumors where EZH2 is
predominantly acting through its enzymatic function as a histone
methyltransferase, inhibiting the protective role of tumor suppressor
genes, as well as tumors where EZH?2 is predominantly acting through
activation of genes involved in other oncogenic pathways. This will
ensure that the appropriate therapeutic strategy can be applied.
Conversely, a compound that downregulates EZH?2 protein may be
effective in both scenarios. Therefore, therapeutic compounds that
lead to EZH2 protein degradation rather than specific enzymatic
inhibitors may be advantageous.

The proproliferative properties of EZH2 in NKTL support the
rationale for using EZH2 inhibitors in the treatment of NKTL. Because
targeting of EZH?2 is an active area of drug development at present,
there is great potential for the development of better treatment modal-
ities. This is especially important for aggressive cancers, such as
NKTL, for which no effective curative treatment is currently
available.
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Abstract

Background: Human herpes viruses (HHVs) are important
pathogens in acute lung injury (ALl) and acute respiratory
distress syndrome (ARDS). Rapid and efficient diagnostic
tools are needed to detect HHVs in the lung in ALI/ARDS
patients. Objectives: This study aimed to evaluate the use-
fulness of multiplex and real-time polymerase chain reac-
tion (PCR) analysis of bronchoalveolar lavage fluid (BALF)
for detecting HHV reactivation in ALI/ARDS patients. Meth-
ods: Between August 2008 and July 2012, eighty-seven
BALF samples were obtained from ALI/ARDS patients with
unknown etiology and analyzed for HHVs. The types of
HHVs in the BALF samples were determined using qualita-
tive multiplex PCR followed by quantitative real-time PCR.
Results: Multiplex PCR identified herpes simplex virus
type 1 (HSV-1) (n = 11), Epstein-Barr virus (EBV) (n = 16), cy-
tomegalovirus (CMV) (n = 21), HHV type 6 (HHV-6) (n = 2),

and HHV-7 (n = 1) genomic DNA in 35 (40%) of the BALF
samples, including 14 (16%) samples containing 2 or 3 HHV
types. CMV and EBV reactivation was rare in immunocom-
petent patients, whereas reactivation of HSV-1 was pre-
dominantly observed in intubated patients regardless of
their immune status. Overall, HHVs were almost exclusively
found in patients with immunosuppression or endotrache-
al intubation. Real-time PCR detected 0.95-1.59 x 10° cop-
ies of viral DNA/ug human genome DNA, and HSV-1 (n = 4),
CMV (n =9), and HHV-6 (n = 1) were identified as potential-
ly pathogenic agents. Conclusions: The implementation of
multiplex and real-time PCR of BALF was feasible in ALI/
ARDS patients, which allowed efficient detection and quan-
tification of HHV DNA. © 2013 S. Karger AG, Basel

Introduction

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) remain critical illnesses with substan-
tial morbidity and mortality [1]. Despite advances in un-
derstanding the pathophysiology of ALI/ARDS, the
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mainstay of treatment for these diseases primarily in-
volves supportive care and management of the underly-
ing clinical disorder. Therefore, the pathogenic factors
underlying these medical conditions need to be identified
to indicate potential therapeutic interventions.

Human herpes viruses (HHVs) have been recognized
as clinically important pathogens of pulmonary infec-
tions that can result in ALI/ARDS in immunocompro-
mised patients [2-4], and they have also been recognized
as potential pathogens in nonimmunocompromised crit-
ically ill patients [5-9]. However, there have been few
comprehensive studies to date on the prevalence and
pathogenic role of HHVs in ALI/ARDS patients, partly
due to the limited diagnostic tools available for identify-
ing different HHVs in a clinical sample.

In recent years, development of the multiplex poly-
merase chain reaction (PCR) assay has enabled simulta-
neous detection of a wide range of viruses [10]. Although
a positive PCR for HHVs does not distinguish asymp-
tomatic shedding from an active infection, quantification
of the viral load in bronchoalveolar lavage fluid (BALF)
could potentially differentiate between these two condi-
tions [6, 11-13]. Therefore, rapid screening of BALF by
qualitative multiplex PCR to identify virus-positive sam-
ples followed by quantitative PCR of the positive samples
may be a useful diagnostic approach for evaluating lung
diseases possibly caused by HHVs.

The aim of the present study was to evaluate the use-
fulness of multiplex and real-time PCR analysis of BALF
for detecting HHV reactivation in ALI/ARDS patients.

Methods

Patients and Clinical Samples

Between August 2008 and July 2012, a total of 134 diagnostic
bronchoalveolar lavage (BAL) procedures were performed in new-
onset ALI/ARDS patients when the etiology of ALI/ARDS was un-
known and was unlikely to be caused by bacterial pneumonia
based on the clinical presentation, radiological findings, or the re-
sponse to antibiotics. Of these, 87 BALF samples were analyzed for
HHVs using multiplex PCR as part of the diagnostic examination,
and the data were retrospectively examined in this study. BAL
sampling was carried out via standard techniques, usually instilling
five 30-ml aliquots of normal saline, and the specimens were stored
at -80°C until the PCR was performed. The BALF was routinely
tested for common pathogens (bacteria, fungi, and Mycobacteri-
um) and for viral inclusion bodies by cytology. Additional micro-
biological studies, including quantitative PCR for Prneumocyctis
jirovecii in BALF and cytomegalovirus (CMV) ppé65 antigen levels
in blood were performed as appropriate. Clinical and laboratory
data were also collected from medical records. This study was ap-
proved by our institutional review board.

2 Respiration
DOI: 10.1159/000355200

Classification of Viral Pneumonia Cases and Clinical

Definitions

Classification of viral pneumonia cases was based on viral de-
tection in BALF and on the following criteria: (1) proven viral
pneumonia: specific cytopathic effects (inclusion bodies) in cells
from BALF or transbronchial biopsy, (2) probable viral pneumo-
nia: otherwise unexplained ALI/ARDS with a clinical response to
specific antiviral agents, and (3) possible viral pneumonia: viral
load >10* copies/ug DNA in BALF, otherwise unexplained AL/
ARDS, and antiviral agents ineffective or not administered. In pos-
sible viral pneumonia cases, there may be a clinical response to
specific antiviral agents administered concurrently with effica-
cious treatments for known causes of ALI/ARDS. ALI/ARDS was
defined according to previously reported criteria [14]. An immu-
nocompromised patient was defined as one receiving immuno-
suppressants or corticosteroid therapy for more than 1 month or
having AIDS.

PCR Analysis

HHYV genomic DNA was measured by two independent PCR
assays: qualitative multiplex PCR followed by quantitative real-
time PCR of the HHV-positive samples detected by multiplex
PCR.

The multiplex PCR was designed to identify the genomic DNA
of 8 HHVSs: herpes simplex virus type 1 (HSV-1), HSV-2, varicella
zoster virus (VZV), Epstein-Barr virus (EBV), CMV, HHV type 6
(HHV-6), HHV-7, and HHV-8. DNA extraction was performed
on 200- to 400-pl BALF samples using E21 virus minikits (Qiagen
Inc., Valencia, Calif., USA). The multiplex PCR amplifications
were set up in 2 capillaries (capillary 1: HSV-1, HSV-2, VZV,
CMYV, and HHV-6; capillary 2: EBV, HHV-7, and HHV-8), each
containing 5 1l DNA extract, specific primers, hybridization probe
mix, and Accuprime Taq (Invitrogen, Carlsbad, Calif., USA). The
primers and probes for HHV's have been described previously [15]
and are shown in table 1. The reactions were performed using the
LightCycler PCR System (Roche, Switzerland) with the following
conditions: an initial denaturation step at 95°C for 2 min, followed
by 40 cycles at 95°C for 2 s, 58°C for 15 5, and 72°C for 15 s, with
a final extension at 40°C for 30 s. Hybridization probes were then
mixed with the PCR products and melting curves were analyzed
using the LightCycler System. The sensitivity of the multiplex PCR
analysis was 50 copies/tube.

Subsequently, for HHV-positive samples, real-time PCR was
performed to measure the viral load using Amplitaq Gold and the
Real-Time PCR 7300 System (ABI, Foster City, Calif., USA). The
sequences of the primers and probes for the HHVs and the PCR
conditions used in this study have been previously reported [16].
The BALF samples were also analyzed by PCR for the housekeep-
ing gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as an internal control, and the number of viral DNA copies was
calculated as copies per microgram of human genome DNA. The
viral DNA in the blood samples of selected patients was measured
using the same multiplex PCR conditions, and the results were cal-
culated as copies per milliliter of whole blood.

Statistics

Continuous variables are expressed as means + SD unless stat-
ed otherwise. Categorical variables were compared using the ¥
test or Fisher’s exact test as appropriate. The CMV viral load in
BALF was assessed as a diagnostic test for CMV pneumonia us-
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Table 1. Sequences of primers and probes used in the multiplex PCR

HSV-], F: GCTCGAGTGCGAAAAAACGTTC

polymerase 3'FITC: GCGCACCAGATCCACGCCCTTGATGAGC
HSV-2° R: TGCGGTTGATAAACGCGCAGT LcRed604-5": CTTGCCCCCGCAGATGACGCC
VZV  gene29 F: TGTCCTAGAGGAGGTTTTATCTG  3'FITC: GGGAAATCGAGAAACCACCCTATCCGAC
R: CATCGTCTGTAAAGACTTAACCAG LcRed640-5": AAGTTCGCGGTATAATTGTCAGT
EBV BamH1 F: CGCATAATGGCGGACCTAG 3'FITC: AAAGATAGCAGCAGCGCAGC
R: CAAACAAGCCCACTCCCC LcRed640-5": AACCATAGACCCGCTTCCTG
CMV  CMV F: TACCCCTATCGCGTGTGTTC 3'FITC: TCGTCGTAGCTACGCTTACAT
glycoprotein R: ATAGGAGGCGCCACGTATTC LcRed705-5": ACACCACTTATCTGCTGGGCAGC
HHV-6 10lkgene  F: ACCCGAGAGATGATTTTGCG 3'FITC: TAAGTAACCGTTTTCGTCCCA
region R: GCAGAAGACAGCAGCGAGTA LcRed705-5": GGGTCATTTATGTTATAGA
HHV-7 U57 F: GAAAAATCCGCCATAATAGC 3'FITC: GCCATAAGAAACAGGTACAGACATTGTCA
R: ATGGAACACCTATTAACGGC LcRed705-5": TTGTGAAATGTGTTGCG
HHV-8 EBBDLF1  F: AGCCGAAAGGATTCCACCAT 3'FITC: CCGGATGATGTAAATATGGCGGAAC
ORF26 R: TCCGTGTTGTCTACGTCCAG LcRed705-5": TGATCTATATACCACCAATGTGTCATTTATG

F = Forward primer; R = reverse primer.

2 The primer sequences were the same for both HSV-1 and HSV-2, while the probe sequences were a complete match with the HSV-2
genome sequence but had a two-base mismatch with the HSV-1 genome sequence. Therefore, there was a difference in melting tem-
perature between HSV-1 and HSV-2, enabling discrimination of these two viruses.

ing a receiver operating characteristic plot. p < 0.05 was consid-
ered statistically significant. All statistical analyses were per-
formed using JMP 7.0.2 software (SAS Institute Inc., Cary, N.C,,
USA).

Results

Study Population

The clinical characteristics of the patients in this study
are summarized in table 2. The underlying conditions
were diverse and 49 (56%) patients were immunocom-
promised. ALI/ARDS developed in a nosocomial setting
in 31 (35%) patients. Predominant ground-glass opacity
mixed with focal air space consolidation was the most
frequent radiological finding.

Viral Detection in BALF

The HHYV virology results are summarized in table 3.
Multiplex and real-time PCR detected HSV-1in 11 (13%)
BALF samples (2.92 x 10>-6.22 x 10° copies/ug DNA),
EBV in 16 (18%) samples (9.50 x 107'-6.62 x 10* cop-
ies/ug DNA), CMV in 21 (24%) samples (2.55-1.59 x 10°
copies/pg DNA), HHV-6 in 2 (2%) samples (6.90 x 10%-

Herpes Viruses in BALF in ALI/ARDS

6.90 x 10° copies/ug DNA), and HHV-7 in 1 (1%) sample
(3.12 x 10° copies/pg DNA). HSV-2, VZV, and HHV-8
were not detected. Overall, 35 (40%) patients were posi-
tive for at least one type of HHV, and multiple HHV types
were detected in 14 (16%) patients.

The prevalence of HSV-1 was higher in intubated pa-
tients than in nonintubated patients (41 vs. 3%, p <
0.0001), but it was not significantly different between im-
munocompromised and immunocompetent patients
(12 vs. 13%, p = 0.90) (fig. 1). In contrast, in CMV- and
EBV-positive patients, the prevalence of CMV (fig. 2)
and EBV (fig. 3) was not significantly different between
intubated patients (31 and 18%, respectively) and nonin-
tubated patients (22 and 18%, respectively) (p = 0.33 and
p = 1.00, respectively), but it was significantly higher in
immunocompromised patients (39 and 29%, respective-
ly) than in immunocompetent patients (5 and 5%, re-
spectively) (p = 0.0003 and p = 0.006, respectively).
HHV-6- and HHV-7-positive BALF was obtained from
immunocompromised patients. Overall, the prevalence
of HHVs was higher in immunocompromised and/or in-
tubated patients (55%; 32/58) than in immunocompe-
tent patients without endotracheal intubation (10%;
3/29) (p < 0.0001).
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Table 2. Baseline characteristics of the 87 patients in this study

Age, years 64.3+14.3
Male gender, n (%) 59 (68)
Underlying disease, n (%)
Connective tissue disease 19 (22)
Posttransplant 9 (10)
Hematologic malignancy 8(9)
Solid cancer 8(9)
Postoperative 3(3)
Hemodialysis 3(3)
AIDS 2(2)
Underlying pulmonary disease, n (%)
1P 21 (24)
CTD-IP 6(7)
Immunocompromised, n (%) 49 (56)
Nosocomial onset, n (%) 31 (35)
Mechanical ventilation, n (%)
At the time of BAL 27 (31)
Over the course of hospitalization 61 (70)
Pa0,/F10,, mm Hg 163+68.7
ALL n (%) 28 (32)
ARDS, n (%) 59 (68)
Duration of symptoms, days 9.7+9.6
LDH, 1U/1 543+363
CRP, mg/dl 10.3+3.3
CT findings (%)
GGO only 12 (14)
GGO predominant 62 (71)
Consolidation predominant 13 (15)
BALF samples®

Median total cell count (range), n x 10°/mm?> 2.35 (0.1-88.8)

Median neutrophils (range), % 28 (0-93)
Median lymphocytes (range), % 15 (1-82)
Median eosinophils (range), % 1 (0-46)
Median macrophages (range), % 32 (0-84)

1IP = Idiopathic interstitial pneumonia; CRP = C-reactive pro-
tein; LDH = lactate dehydrogenase; CTD-IP = connective tissue
disease-associated interstitial pneumonia; GGO = ground-glass
opacity.

2 Fiberoptic bronchoscopy was performed with supplemental
oxygen (n = 23), under noninvasive ventilation (n = 42), or under
endotracheal intubation (n = 22).

Diagnosis

Fourteen patients in this study were diagnosed with
viral pneumonia: 9 with CMV pneumonia (5 proven, 3
probable, 1 possible viral pneumonia), 4 with HSV-1
pneumonia (all possible viral pneumonia), and 1 with
HHV-6 pneumonia (probable viral pneumonia) (ta-
ble 4). Diagnoses of the other patients included acute ex-
acerbation of interstitial pneumonia (n = 18), pneumo-
cyctis pneumonia (n = 13), other pulmonary infections
(n=7), diffuse alveolar hemorrhage (n =7), septic ARDS

4 Respiration
DOI: 10.1159/000355200

(n = 3), drug-induced pneumonia (n = 3), other causes of
ALI/ARDS (n = 11), and unidentified etiology (n = 12).
HHVs were not detected in the BALF of patients with
acute exacerbation of interstitial pneumonia, except in
one BALF that had a low EBV viral load (278 copies/ug
DNA). For a diagnosis of proven or probable CMV pneu-
monia, a cutoff value for the viral load in BALF of 1.39 x
10* copies/pg DNA had 87.5% sensitivity and 84.6%
specificity.

Treatment and Outcome

Antiviral agents were administered to 13 patients with
a diagnosis of viral pneumonia. Although respiratory im-
provement was seen, at least temporally, in 9 of the pa-
tients diagnosed with CMV or HHV-6 pneumonia, 10
(77%) patients eventually died due to a newly acquired
infection, sustained respiratory failure, or multiorgan
dysfunction (table 4). The overall in-hospital mortality in
this cohort was 51%.

Discussion

This study showed that multiplex PCR and real-time
PCR analysis of HHVs in BALF provided informative
dataregarding the epidemiologic characteristics of HHV's
in ALI/ARDS patients with unknown etiology. To our
knowledge, this is the first study to conduct comprehen-
sive multiplex and real-time PCR analyses of HHVs in
BALF of ALI/ARDS patients.

Viruses in the Herpesviridae family are the most com-
mon viral pathogens causing pulmonary infection in im-
munocompromised patients. Although CMV is best
known for its propensity to cause pneumonia [2], other
herpes viruses (e.g. HSV-1 [3, 17], VZV [18], EBV [19],
and HHV-6 [20, 21]) have also been implicated as etio-
logic agents. Moreover, recent studies have documented
frequent pulmonary reactivation and/or infection of
HSV-1[6,7] and CMV [8, 9] in critically ill patients with
no known immunocompromise. Therefore, ALI/ARDS
patients with unknown etiology should be examined for
possible viral pneumonia caused by HHVs, which often
presents with bilateral ground-glass opacification and/
or consolidation [17, 21, 22]. In this setting, the diagno-
sis must be broadened to a wide range of HHV's that can
be efficiently examined by multiplex PCR instead of con-
ventional microbiological tests for specific pathogens. In
fact, this study found reactivation of 5 types of herpes
viruses in 40% of ALI/ARDS patients, including 16% of
patients with multiple types of HHVs in their BALF.
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Fig. 1. HSV-1 prevalence and semi-log plot of the HSV-1 DNA
load in BALF as a function of patient intubation or immune status.
Negative PCR results were set to 1 (logjo 1 =0).

Table 3. HHV prevalence and viral load in BALF samples from the 87 patients in this study

Fig. 2. CMV prevalence and semi-log plot of the CMV DNA load in
BALF asa function of patient intubation or immune status. Negative
PCR results were set to 1 (logjg 1 = 0). The bar represents the cutoff
value indicating CMV pneumonia (1.39 x 10* copies/uig DNA).

HHV-6

Positive BALF?, n (%) 11 (13) 0 0 16 (18) 21 (24) 2(2)

Viral load, copies/ug DNA  2.92x10%-6.22x10°  — - 9.50x1071-6.62x10*  2.55-1.59x10°  6.90x10*-6.90x10¢  3.12x10° -

BALF samples with a viral load, n
>0 0 - - 2 3 0 0 -
=10 0 - - 2 4 0 0 -
>10% 3 - - 5 2 0 0 -
>10° 3 - - 3 3 0 1 -
>104 0 - - 4 3 1 0 -
=10° 5 - - 0 5 0 0 -
=109 0 - - 0 1 1 0 -

2 Two types of HHV's were detected in 12 samples (EBV and CMV in 6, HSV-1 and EBV in 3, HSV-1 and CMV in 2, and CMV and HHV-6 in 1). Three
types of HHV's were detected in 2 samples (EBV, CMV, and HHV-7 in 1 and HSV-1, EBV, and CMV in 1).

Considering the diversity of HHVs detected in this
study, multiplex PCR has the additional advantage of be-
ing able to identify unexpected agents that might other-
wise be overlooked, thereby enabling early therapeutic
intervention.

Herpes Viruses in BALF in ALI/ARDS

This study provided insights into the epidemiologic
features of herpes viruses in ALI/ARDS. Of note, reacti-
vation of HSV-1 was predominantly observed in intubat-
ed patients regardless of their immune status, and a high
HSV-1 DNA load in BALF was not associated with high-
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Table 4. Laboratory and clinical findings of 14 patients diagnosed with or suspected of having viral pneumonia

1 SLE CMV  proven  1.59x10° NA 82 none GGO ganciclovir  dead
2 posttransplant CMV  proven  4.03x10° NA 206 EBV GGO ganciclovir dead
3 SLE CMV  proven  3.12x10° NA 34 EBV, HHV-7 GGO ganciclovir  dead
4 MPA CMV  proven  2.22x10* NA 0 none GGO ganciclovir alive
5 DIHS CMV  proven  1.39x10% NA 31 none GGO ganciclovir  dead
6 posttransplant CMV  probable 5.65x10° NA 2 none consolidation ganciclovir alive
7 SLE CMV  probable 2.26x10° NA 30 none GGO ganciclovir alive
8 DM-ILD CMV  probable 5.70x10° NA 1 none GGO ganciclovir  dead
9 HIV-PCP CMV  possible 1.70x10° NA 74 none GGO ganciclovir  alive
10 sepsis HSV-1 possible 6.22x10° ND NA none GGO aciclovir dead
11 posttransplant HSV-1 possible 4.30x10° ND 0 none GGO none dead
12 trauma HSV-1 possible 2.00x10° NA NA none GGO aciclovir dead
13 ML HSV-1 possible 1.72x10° 3.30x10? 0 CMV GGO aciclovir dead
14 posttransplant HHV-6 probable 6.90x10° 1.39x10° NA none GGO foscarnet  dead

SLE = Systemic lupus erythematosus; MPA = microscopic polyangiitis; DIHS = drug-induced hypersensitivity syndrome; DM-ILD =
dermatomyositis-associated interstitial lung disease; PCP = pneumocystis pneumonia; ML = malignant lymphoma; NA = not assessed;

ND = not detected; GGO = ground-glass opacity.
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(n = 65) (n=22) (n = 38) (n = 49)
Positive 12 (18%) 4 (18%) 2 (5%) 14 (29%)
patients (n)
p = 0.006

Fig. 3. EBV prevalence and semi-log plot of the EBV DNA load in
BALF as a function of patient intubation or immune status. Nega-
tive PCR results were set to 1 (logjs 1 = 0).
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level viremia. These findings are in agreement with previ-
ous reports that HSV-1 pneumonia frequently presents as
late-onset ventilator-associated pneumonia due to aspi-
ration from the upper respiratory tract rather than pul-
monary dissemination secondary to systemic viral infec-
tion [5, 6]. We also found that reactivation of HHVSs oth-
er than HSV-1 mostly occurred in classically high-risk
immunocompromised patients. Although recent studies
have shown that CMV reactivation is common in nonim-
munosuppressed, critically ill patients [8, 9], our results
showed that CMV reactivation of the lung was rare in this
patient population. Overall, clinically significant pulmo-
nary reactivation of HHVs was almost exclusively ob-
served in patients with endotracheal intubation or known
immunocompromised status, indicating that patients
with this clinical picture merit careful investigation for
HHVs in the lung.

Viral pneumonia caused by HHVs still represents a
diagnostic challenge. Demonstration of cytopathic effects
by HHVs, indicating viral pathogenicity, is not a sensitive
diagnostic tool and is often hard to obtain [23], while de-
tection of HH VS via viral culture or PCR does not differ-
entiate active infection from asymptomatic shedding.
Therefore, combined use of real-time PCR with multiplex
PCR is an integral part of the evaluation of HHV patho-
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genicity. Since the amount of recovered epithelial lining
fluid in BALF can vary considerably, the quantitative
methodology in this study used data normalization to
GAPDH, a housekeeping gene, to correct for this varia-
tion [24]. In agreement with previous studies [11-13], we
found that quantification of the viral load in BALF may
be useful in diagnosing CMV pneumonia. We noted that
3 patients with proven or probable CMV pneumonia had
negative or clinically insignificant pp65 antigenemia,
highlighting the importance of obtaining samples from
the site of infection. Meanwhile, the pathogenicity of
HSV-1 was unclear in this study because antiviral therapy
did notlead to clinical improvement in 3 of 4 patients di-
agnosed with possible HSV-1 pneumonia. Previous stud-
ies also showed that HSV-1 in BALF may be a marker for
underlying clinical conditions rather than a cause of mor-
tality [25, 26]. In clinical practice, however, when there is
a high viral load in BALF samples from ALI/ARDS of
otherwise unexplained etiology, administration of antivi-
ral agents against HHVs with possible lung pathogenicity
(e.g. CMV, HSV-1, and HHV-6) would be an option for
treatment.

We must acknowledge that it is difficult to extrapolate
our results to all ALI/ARDS patients or to elucidate the
etiologic role of HHVs in ALI/ARDS due to the selected
group of patients and the retrospective nature of our
study without a standardized diagnostic procedure. In
addition, we must note that the pathogenic significance
of HHVs is often difficult to determine via quantification
of the viral DNA in BALF because of the substantial over-
lap between viral loads in symptomatic and asymptom-
atic patients [6, 11, 13]. Accordingly, although we have
demonstrated that our diagnostic approach was techni-
cally feasible and potentially useful in ALI/ARDS patients
to detect HHV's in the lung, further studies prospectively
collecting all de novo ALI/ARDS patients in order to as-
sess the exact prevalence of HHVs in ALI/ARDS or to
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Abstract

Objective While unexplained liver dysfunction is common, it is sometimes difficult to identify its exact
cause. One cause is viral infections. The identification of viruses other than hepatitis B and C that cause liver
dysfunction is difficult because no methods to simultaneously identify these viruses have been established.
The aim of this study was to quickly and simultaneously identify multiple virus species.

Methods A total of 49 patients with unexplained liver dysfunction and undetermined inflammation were
examined. The majority of patients had hematologic malignancies, and some had undergone bone marrow
transplantation. Qualitative polymerase chain reactions (PCR) were performed to detect 12 species of DNA
virus in whole blood. Quantitative real-time PCR was performed when a specific virus was amplified. In ad-
dition, 6 RNA hepatitis viruses were directly assayed by real-time PCR. These 2 PCR steps were completed
within 1 hour,

Results The most frequently detected virus in 37 patients with liver dysfunction, was transfusion transmit-
ted virus (38%), which was followed by human herpes virus (HHV) type 6 (35%), Epstein-Barr virus (14%),
cytomegalovirus (8%), and rarely hepatitis G virus and HHV-7 (3%). Similar viremia was. observed in 12 pa-
tients with mild liver dysfunction. The results of the PCR assay were mostly consistent with those of routine
virus serological tests.

Conclusion A multiplex viral PCR assay was a useful tool for quickly identifying viruses that possibly
cause liver dysfunction. It was also important that liver dysfunction acted as a proband that led to the discov-
ery of serious viremia.

Key words: liver dysfunction, multiplex PCR, real-time PCR, hurman herpes viruses, hepatitis virus
(Intern Med 52: 201-211, 2013)
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other viruses that cause liver dysfunction is difficult because

Introduction

A clinician often encounters unexplained liver dysfunc-
tion; however, it is sometimes difficult to identify the exact
cause of the dysfunction because of the many causes of liver
dysfunction. One common cause of liver dysfunction is viral
infection. Although it is easy to detect hepatitis B virus
(HBV) and hepatitis C virus (HCV) because of the estab-
lished laboratory tests for these viruses, the detection of

the current laboratory methodologies in a hospital have
some limitations in terms of quick performance and the lim-
ited number of identifiable viral species. Therefore, the
prompt and proper diagnosis of viral infections is important
when a patient exhibits liver dysfunction. An assay was de-
veloped to simultaneously detect 12 kinds of viral DNA
genomes in the blood. The assay uses a multiplex polym-
erase chain reaction (PCR) to identify the viruses, and real-
time PCR to determine the viral load. In addition, 6 RNA

"Department of Hematology, Shinko Hospital, Japan, *Department of Virology, Medical Research Institute, Tokyo Medical and Dental Univer-

sity, Japan and ®Laboratory of Cell Therapy, Shinko Hospital, Japan

Received for publication May 21, 2012; Accepted for publication September 12, 2012
Comrespondence to Dr. Takayuki Takahashi, takahashi.takayuki @ shinkohp.or.jp

201
-170-



Intern Med 52: 201-211, 2013 DOT: 10.216%internalmedicine.52.8206

Table 1. Primer and Probe Sequences Employed in Multiplex Qualitative Polymerase Chain Reaction (PCR) Analyses

Virus Region of amplification Primer sequence Probe sequence Reference
HSV1/HSV-2 ‘polymerase F: GCTCGAGTGCGAAAAAACGTTS FFITC: GOCGCACCAGATCCACGGCCTTGATGAGE 3
R: TGCGGTTGATAAACGCGCAGT LeRad604-5' CTTGCCCCCACAGATGACGCS
vzv gene?d F: TGTGCTAGAGGAGGTTTTATCTG  FFITC: GGGAAATGGAGAAACCACCCTATCCGAG 4
) R GATCGTGTGTAAAGAGTTMCOAG LcRed640—5 AAGTTCGGGGTATMTTGTOAGT
EBV BamH1 F: CGGATMTGGGGGACGTAG IFITC: AAAGATAGCAGCAGCGCAGE GeneBank V01555
R: CAAACAAGCGCACTCGCC LcRadB40-5": AAGCATAGAGCCGCTTCCTG
CMV Glycoprotsin F; TACCCCTATCGOGTGTGTTC 3'FITC: TCGTCGTAGCTACGCTTACAT 8
) R: ATAGGAGGCGCGAGGTATTC LcRed705-5" ACACCACTTATCTGCTGGGCAGS
HHVE 101k gene region F ACGGGAGAGATGATHTGCG 3FITC: TAAGTAAGGGTITTGGTGGGA 8
: R: GCAGAAGACAGCAGCGAGAT LcRed705-5" GGGTCATTTATGTTATAGA o
HHVZ usz F. GAAAAATCGGGOATMTAGG FFITC: GGOATMGMAGAGGTAGAGACATTGTOA ‘GenaBank NCO01718
R: ATGGAACACCTATTAACGGC LeRed705-5" TTGTGAAATGTGTTGCG
HHVS EB BDLF1ORF21 Fi AGCGGAAAGGATTCCAGCAT FFITC: COGGATGATGTAAATATGGCGGAAC 7
) R: TCCGTGTTGTCTACGTCCAG LcRed?OS—S TGATGTATATAGGAOGMTGTGTGAWATG
BKV/JCV VP2 F: CA uﬂTI'GGGGGACGTAGT 3FITC: TCTGAGGGTGGTGGTGOCAGAGGATF]T
R CTCTACAGTAGCAAGQGATGC LoRed705-5" AGTAGCTGAAATTGCTGCTQGAGAGGCTGET
Parvo B19 NS§1 F: CCGCCAAGTACAGGAAAAAC FFITC: GGMMGCOAT'TTAGGGGGGGA '
‘R: CAGCTACACTTCCAGGCA LcRed640-5'; CACCAGGGTAGATCAAAAAATGCGTGRA

BKV/JCV: BK virus/JGC virus, CMV: cytomegalovirus, F: Forward, FITO: Fluorescein isothiocyanate, EBV: Epstein-Barr virus, HHV: human herpes virus,
HSV herpes simplex virus Parvo B19 Parvovirus 819 R Reverss, VZV: vancella—zoster virug

hepatitis- vituses were directly quantified with real-time
PCR. Our multiplex PCR combined with real-time PCR was
highly useful inthe qiick diagnosis of viral hepatitis.

Materials and Methods

Patients

Patients with ‘unexplained liver dysfunction, that received
medical care in Shinko Hospital, Kobe, Japan, from Febru-
ary to December, 2011 were enrolled in this study. Liver
dysfunction in this study was defined as patients that exhib-
ited more than 2 times the normal upper limits of aspartate
transaminase (AST) (80 IU/L), alanine transaminase (ALT)
(80 TU/L), or alkaline phosphatase (ALP) (720 TU/L) levels
or more than 1.5 mg/dL. of total bilirubin, with negative se-
rological tests for HBsAg and HCV. Patients with normal
liver function or mild dysfunction underwent this viral PCR
examination for possible viral infection because of fever or

inflammatory signs. These patients were enrolled in this

study. Patients ‘who showed positive results for HBV or
HCYV by serological or molecular examinations were also in-
cluded in this study in order to examine the possibilility of

multiple viral loads. In addition, the serological tests for

both HBV and HCV were performed before the multiplex
PCR analysis in all patients included in this study.

Blood and plasma samples

EDTA-2Na-chelated whole blood (200 pl) was obtained
from individual patients who provided their written in-
formed consent. The present study was part of a retrospec-
tive analysis of a single institutional clinical study desig-
nated the “Multiple Virus-Analytic Study by Multiplex
PCR”, which had been approved by the institutional review
board. The plasma was separated from whole blood by cen-
trifugation at 400-g when 1 or more virus-specific PCR
products/signals were detected, and subjected fo real-time
PCR in order to quantify the number copies of the viral
genome. Blood obtained from 12 healthy volunteers with in-
formed consent. was subjected to the following virus ansly-

ses ag'negative controls.
Multiplex PCR (1, 2)

DNA was extracted from the whole blood using Quick-
Gene DNA whole blood kit S (FUJIFILM Cotporation, To-

kyo, Japan) that was installed on an apparatus for’ the auto-
mated purification of nucleic acids (QuickGene-800; FUII-

FILM Corporation). The multiplex PCR was designed to
qualitatively measure the genomic DNA of 12 viruses; cy-
tomegalovirus (CMV), human herpes virus type 6 (HHV-6),
Epstein-Barr virus (EBV), varicella-zoster virus (VZV), BK
virus (BKV), JC virus (JCV), parvovirus B19 (ParvoB19),
human herpes virus type 7 (HHV-7), human herpes virus
type 8 (HHV-8), herpes simplex virus type 1 (HSV-1) and
type 2 (HSV-2), and HBV.

The PCR was performed using a LightCycler (Roche,

Basel, Switzerland). The primers and probe sequences for

these 12 viruses are described in Table 1 (3-9).

Two sets were paired-off with the following capillaries of
these 12 viruses; Capillary A HSV-1, HSV-2, VZV, HHV-6,
CMYV, Parvo B19, BKV, and JCV, and Capillary B: EBY,
HHV-7, and HHV-8. Specific primers for these viruses were
used with 0.25 pl. AccuPrime Taq polymerase and 1x Ac-
cuPrime Buffer I (Invitrogen Corporation, Carlsbad, CA,
USA) and 5 ng non-acetylated bovine serum albumin (BSA;
Sigma-Aldrich Co., St. Louis, MO, USA), resulting in a fi-
nal volume of 10 uL for each primer. First, 3 ul. of mineral
oil (Sigma-Aldrich Co.) was placed in the capillary. Next,
10 pL of reaction mixture was added and centrifuged for
3,000 rpm for 3 s. Finally, 5 pL of probe mix was added to
the capillary, which was then capped. The DNA was ampli-
fied with 40 PCR cycles at 95C (2 s), 58°C (15 ), and
72°C (15 ), which was followed by denaturation at 95C (1
miry).

Fluorescein isothiocyanate-conjugated probe hybridization
and LCRed640- or LCRed-conjugated hybridization probes
were then mixed with the products by 3,000 rpm centrifuga-
tion for 3 s. Specific hybridization was confirmed by a melt-
ing curve analysis (10) in which the dissociation of hybrid-
ized probes from individual PCR products was seen as the
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Figure. Melting curve analysis by virus-specific melting temperature (Tm). A melting curve analy-
sis is used to measure the temperature at which the DNA is split into single chain from double
stranded DNA. The PCR products amplified by the primer for each viral sequence hybridize the
specific probes labeled by LcRED705 and LcRED640 at 40°C. This hybridized double strand DNA
melted/dissociated when it was heated gradually from 40°C to 80°C. Each viral melting temperature
was measured by use of the fluorescence resonance energy transfer (FRET). Releasing the excitation
energy causes the fluorescent substance that reached the excitation state to return to the basal state,
and that neighboring fluorescent substance obtains the energy and enters into the excitation state.
The melting temperature of individual DNA strands is determined based on each viral sequence, the
length, and the GC content. BKV/JCV: BK virus/JC virus, CMV: cytomegalovirus, HHV: human
herpes virus, HSV: herpes simplex virus, IC: immune complexed, B19: Parvovirus B19, VZV: vari-
cella-zoster virus

disappearance of fluorescence at the specific dissociation
temperature of each virus. The specific temperature for each
virus is shown in Figure. The melting curve analysis was
performed by denaturing DNA at 95C for 1 minute, which
was followed by hybridization at 40C for 10 s and melting

at 40T to 80C (Ramp rate, 0.2C/s).

In addition, a sensitivity test of this PCR was performed
using known plasmid DNA representatives for the 12 indi-
vidual DNA viruses. The individual DNA sequences were
determined based on the database for DNA viruses, and the
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Table 2. Sensitivity of Qulitative Multiplex PCR

Copies / Tube
o 100 50 25 10 Sensitivity
HSV1 16/10 10/10° 10/10 1/10 >25 copies
HSV2 10/10 10/10 10/10 16/10  >10 'cogies
vzv 10710 10/10 10/10 10/10  >10 cogles
CMY 0/10 10/10 __ 10/10 16710 >10 oogxes
EBV 0/10 10/10 10/10 9/10 525 copies
HHV6 0/10 10710 10/10 8/10  >25 copies
HHVZ 0/10  10/10 5/10 4/10 _ >50 copies
HHVS 0/10 0/10 6/10 5/10  >50 copies .
BKV 0/10 0/10 10/10. 10710 >10 cogles
JCV 0/10 0/10 8/10 7/10 50 copies
HBV 0/10 0/10 8/10 1710 >50 copies
ParvoBi9 0/10 0/10 __ 10/10 16/10 >10 copiee

HSV herpes simplex _virus, VZV: varicella—zoster virus, CMV:
cytomegalovnrus EBV: Epstein—Barr: virus,

HHV: human herpes virus, BKV: BK virus, JCV: JC wirus, HBV:
hepatitis B virus, ParvoB19: Parvovirus B19

plasmid DNAs were synthesized by Nihon Techno Service
Company, Ibaragi, Japan. The qualitative PCR assay was
performed 10 times for each virus using various concentra-
tions of the plasmid DNA and determined the concentration
of the plasmid DNA (copy number/tube) as the detection
timit when 100% positivity (10/10 assays) was obtained. Ta-
ble 2 shows that the sensitivity of the PCR varied from
more than 10'te 50 copies.

The agsay could "dife‘ctly“ measure the load with a linear
relationship up to 10° copiestube; however, dilution was re-
quired when the viral load exceeded 10" copies.

Real-time PCR (1, 2)

Real-time PCR was performed when a positive and spe-
cific result was obtained by multiplex PCR for the human

herpes viruses. Quantitative reverse transcription (RT)-PCR

was performed first for the human RNA hepatitis viruses.

Hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis
C virus (HCV), hepatitis D virus (HDV), hepatitis E virus
(HEV), hepatitis G virus (HGV), and transfusion transmitted
virus (TTV) we assayed as the infecting organisms of a hu-
man hepatitis virus. Real-time PCR was performed using 0.5
Units of Taq DNA polymerase (Thermo Fished Scientific
Inc., Waltham, MA, USA), 1 mM dNTPs (Bioline USA
Inc., Taunton, MA, USA), 3 mM MgCl, (NIPPON GENE
Co. Ltd., Tokyo, Japan), 0.1 pg Anti-taq high (Toyobo Co.
Ltd., Osaka, Japan), 10 ng non-acetylated BSA (Sigma-
Aldrich Co.), and One Step PrimeScript Real-time RT-PCR
kits (Takara Bio Inc., Shiga, Japan). Bach reaction final vol-
ume was 20 plL, and the reaction was performed on the
Light Cycler DX400 (Roche).

The sequence for the primers and the probes of each virus
are shown in Table 3A, B (11-21). The DNA of human her-
pes virus and HBV were amplified by PCR with the follow-
ing conditions: denaturation at 95C (10 s) and then 50 cy-
cles of PCR (denaturation at 95 [1 §], annealing at 60°C
[20 s], and cooling at 407C [20 s]). The RNA of the remain-
ing hepatitis viruses was amplified by RT-PCR with follow-
ing conditions: RT reaction at 42°C (5 min), denaturation at
95T (10 s), 50 cycles of PCR (denaturation at 95T [1 s],

annealing at 60°C [20 s], and cooling at 40T [20 s]. The
value of the viral-genome copy number in the sample was
considered to be significant when more than 10 copies/tube
were obtained.

The real-time PCR was repeated 8 times on a VZV-
positive specimen that contained 10 copiesftube of VZV
plasmid. The mean value of cycle:numbers required to ob-
tain 10 copies/tube were 28. 28 cycles with a standard de-
viation (SD) ‘of 0.317 cycles. The distribution coefficient
was 0393, indicating excellent reproducibility of this quan-
titative PCR. Bach cycle number for the reproducibility was
tested with the Kolmogov-Smirnov test assuming as normal
distribution.

These multiplex PCR and real-time PCR procedures of
the present study were petformed in the Laboratory of Cell
Therapy in Shinko Hospital.

Results

Viruses identified in patients with unexplained liver
dysfunction

A total of 49 patients were included in this study. The
characteristics and the laboratory data of these patients with
unexplained liver dysfunction are described in Tables 4, 6.
The majority of the patients had hematologic malignancies
and were immune-compromised, especially, those patients
who were seen soon after-allogeneic bone marrow transplan-
tations. ‘One or more viral species was detected in' 28 of the
37 patients with liver dysfunction, and their copy number
was determined (Table 4). The most frequently detected vi-
rus was TTV (14/37), which was followed by HHV-6 (13/
37), EBV (5/37), CMV (3/37), and rarely HGV (1/37) and
HHV-7(1/37). Thrée virus species were detected in 2 pa-
tients (Nos. 32 and 36); 2 species were detected in § pa-
tients; and a single virus was detected in 19 remaining pa-
tients. However, 1o virus genomes were detected in 9 of the
37 patients, indicating that there were other causes of liver
dysfunction in these patients at the time of the analysis. One
patient that was diagnosed with chronic hepatitis B (No. 36)
was infected with both EBV and TTV in addition to HBYV,
suggesting that co-viral infections may exists in patients
with hepatitis B. The incidence of fever or skin rash in this
cohort of patients was low (Table 4) presumably due to the
immunosuppressive procedures or chemotherapies in the ma-
jority of theSe‘ patients:

Twelve healthy volunteers were examined in the same
way as a negative control. Table 4 shows that none of the
12 DNA viruses were detected by the multiplex PCR in
these volunteers. As for hepatitis viruses, all 7 hepatitis vi-
ruses exeept TTV were below the detection limit. TTV was
detected in 2 of 12 volunteers with a viral load ranging
from 5x10' to 7.7x10 copies/mL (Table 4).
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Table 3A.
Chain Reaction

Primer and Probe Sequences in the Assay of Human Herpes Virus (HHHV) by Reverse Transcriptase-polymerase

“"Herpes virus Primers and probe sequences

AmgFﬁcation’ Referance

HSViand2  HSV-F: CGCATCAAGACCACCTCGTC

HSV-R: GECTCGCGAGCACGCGA

HSV1-P: JOE-TGGCAACGCGGGCCAAC-TAMRA
HSV2-P: FAM-CGGCGATGCGCCCCAG-TAMRA
VZV-F: AACTTTTAGATCCAGCCTGGCG

VZV-R: GAAAACCCAAACCGTTOTCGAG

vZv

B 1

ORF29 ‘GeneBankX04370,AJ871403,DQ457052

VZV-P: FAM-TGTCTTTCACGGAGGCAAACACGT-TAMRA

EBV-F: CGGAAGCCCTCTGGACTTC
EBV-R: CCCTGTTTATCCGATGGAATG

EBV

BALF-5 12

EBV-P: FAM-~TGTACACGCACGAGAAATGCGCC-TAMRA

CMV. CMV-F: CATGAAGGTCTTTGCCCAGTAC

CMV-R: GGCOAAAGTGTAGGCTACAATAG

ueas-Ues 13

CMG-P: FAM-TGGGCCGTAGGTCATCCACACTAGG-TAMRA

HHVE HHV8-F: GACAATCACATGCCTGGATAATG

HHVE-R: TATAAGCGTGTGGTAATGTACTAA

u37 14

HHV6-P: FAM-AGCAGCTGGCGAAAAGTGCTGTGG-TAMRA

HHV? HHV7-F: CGGAAGTCACTGGAGTAATGAGAA

HHV7-R: CCAATCCTTCCGAAACCGAT

ua7 15

HHV7-P: FAM-CTCGCAGATTGCTTGTTGGCCATG-TAMRA

HHVE HHYB-F: CCTCTGGTCCCCATTCATTG

HHV8-R: CGTTTGCGTCGTGGATGAG

ORF63 16

HHV8-P: FAM-CCGGCGTCAGACATTCTCACAAGC-TAMRA

BKV/JCV
' BKV-R: GATGAAGATTTATTYTGCGATGARG
JCV-R: GAAGACCTGTTTTGCCATGAAGA

BKV & JOV-P: 6FAM-ATCACTGGCAAACAT-MGB
B19-F: GEGGTTTCAAGCACAAGYAGTAAAAGA
B19-R: CGGYAAACTTCCTTGAAAATG

B19-P; FAM—GAGGTGOGOQ’ TGTGG-MGB

Parvob18

BKV & JCVF: GGAAAGTCTTTAGGGTCTTCTACCTTT

ORF 17

NS1 GeneBank M13178,AJ717293,AX003421

The real-time herpes simplex virus (HSV) PCR is a multiplex PCR that can detect both HSV1 and HSV2 DNA in the same reaction. The optimized
B primer pairs amplify both' HSV1 and 2 with equal efficiency, with the 2 type~specific prabes labelsd with different fluorescent dyes. The HSV1
probeé is labeled with JOE at the 5'-end and with TAMRA at the 3'-end. The HSV2 probe is labeled with FAM at the §'-end and with TAMRA at the

3'-end.

CMV: cytomegalovirus, EBV: Epstein-Barr virus, VZV: Varicella-zoster virus

Table 3B. Primer and Probe Sequences in the Assay of Human Hepatitis Virus by Reverse Transcriptase-polymerase Chain

Reaction
Primer and Probe Sequences Amplification Reference

HAV  HAV-F-GGTAGGCTACGGGTGAAACC 5NC GeneBank :AB020564., AB020565,
HAV-R.GCCGCTGTTACCCTATCCAA ABD20558,A8020568.MI 4707, K02890,
HAV-P-FAM-TACTTCTATGAAGAGATGC-MGB X75216,X79215

HBY  HBV-F:GTGGTGGACTTCTCTCAATTTTCTAG S—gene
HBV-R:.GGACAMACGGGCAACATACCT AF090842 AF100309,X04615

~ HBV-P FAM—TGTCTGGGGGGT'ITT _

HCV GTGTAGGOATGGOGTI'AGTA 5INC GeneBank:
GTCGGAAGGAOGGTATGAGGGAGT ) AF009608,AF356827,014853,AF 169004,
HOV-P:FAM-CTGCGGAACCGGTGAGTACAC-BHQ AB030807,050409,D17763

HDV  HDV-F:GCATGGTGCCCAGCCTGC ribozyme |
HBV-R:TCTTCGGGTCGGCATGG i8
HDV-P:FAM— ATGCCCLaGGLtCGGAC-TAMRA

HEV  HEV-F.GGTGGTTTCTGGGGTGAC ORF3
HEV-R-AAGGGGTTGGTTGGATGAA 19
HEV-P:FAM~ TGATTCTCAGCCCTTCGC ~TAMRA

HGY  HGV-F: CGGOOAAAAGGTGGTGGATG 5NC
HGV—R.CGG TAGGGGGAACAGOTGTGGA 20
HGV-P:FAM- GAGGGTTGGTAGGTCGTAAATGGCGGTCA—TAMRA

TIV  TTV-FTCCGAATGGCTGAGTTT ORF2

TTV-R:CGAATTGCCCCTTGACT
TTV-P:FAM- ACTCACCTHCGGCACCCGC-iowaBK

21

HAV: hepatitis A virus, HBV hepatitis B virus, HCV: hepatitis G virus, HDV hepatitis D virus, HEV hepatitis E virus, HGV: hepatitis G virus,

TTV: transfusion transmitted virus

Follow-up examination of liver dysfunction and vire-
mia

The study then examined the relationship between the

liver dysfunction and viremia. The detected viruses were re-
examined after appropriate intervals in 15 of the 37 patients
included in the present study. Table 5 shows that the liver

dysfunction was improved or normalized in almost all pa-
tients reexamined. The load of HHV-6 virus decreased with
the improvement of the liver dysfunction in all 6 patients re-
examined for this virus. The correlation between the copy
number of HHV-6 and the levels of AST, ALT, and ALP
was analyzed at 2 periods of the examination using Re-
stricted Maximum Likelihood. The improvement of the
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‘Table 4. Characteristics of Patients with Unexplained Liver Dysfunction and Their Laboratory Data

Pi“:_’" Age Sex  Underlyingdissase =~ AST ALT AP TBil LDH CRP At:‘;fym Fever ‘Skin rash LN;swelﬁngh'f;:‘;K;‘; Virus detected and its copy number
1 82 M _Pulmonary The 87 156 375 0.7 218 145 0+ — — None None
2 65 M IP 32 95 313 08 288 140 0 =+ - - None None
3 36 F Septic shock 96 50 802 100 489 11.80 1.6  + — - Nane HHV-6:38 x 10°
4 68 F ATL post BMT 188 180 241 0.8 356 024 0 - — — Nona. HHV-6: 83 X 10°
5 38 M _post HPS 56 138 306 05 324 007 80— — - None Nons
6 49 M Malignant lymphoma 49 110 333 1.0 254 0.1 05 — - - RCC HHV-6: 4.7 x 10°
7 10 M _FUO 43 721678 07 1211693 0___+ — — Nons- None
8 72 F MDS/AML 119 84 485 07 259  0.39 1.8 — — — RGC, PC HGV: 1.8 % 10°
9 53 M AML,post BMT 39 99 711 04 114 028 04 - + - 'RCC, PG HHV-6: 6.1 % 10°
10 78 F Myeloma, Pneumonia 54 117 183 1.7 689 1.87 1.0 = — = RCC, PC CMV- 3.6 % 10° EBV: 8.0 x 10°
11 8 M MDS 470 215 968 19 647 0.1 0 - — — Nona TTV:5.1 % 10°
12 66 F Muktiple myeloma 45 80 1,059 1.0 335 1870 324 + - — RCG, PG Nene
1356 M MDS post BMT 93 93 228 08 493 345 08+ = - RCC, PC None
14 53 M Malignant lymphoma 158 326 844 1.3 274 212 15 =+ — — None HHV=6: 1.7 X 10% TTV: 1.2 % 10°
15 384 F ALL 448 481 1420 20 719 1254 0 + — — 'RCC, PC TTV:- 12 % 10°
1662 M _ Malignant lymphoma 137 197 973 21 407 791 05 -+ — — RGC, PG None
17 75 F Drug-induced hepatitis 124 361 528 1.2 185 019 0 — — — None HHV-8: 1.6:% 10°
18 36 F Infectious mononucleosis 511 469 411 0.6 675 065 335 =+ ~ + None CMV: 1.7 x 10*
19 44 F Infactious mononucleosis 189 352 1958 1.4 393 0.85 388 =+ - + None EBV: 1.1 % 10%
20 86 F  Autoimmune hepatitis 418 645 602 08 320 027 0 — — — None TTV: 58 % 10°
21 25 F Infectious mononucleosis 87 114 354 0.9 450 091 383 -+ +: + ‘None ‘CMV: 5.7 % 10* HHV-8: 3.8 % 107
22 67 F ATL 1,180 1,186 2,900 0.5 796  1.66 218  + + — ‘RGC, PC HHV-6:1.0 % 10°
23 65 F IP 66 76 721 05 712 18.98 0+ — — Nane None
24 86 M_ Malignant lymphoma 481 433 1,182 06 576 0.03 0 o~ — — Nore HHV-6: 7.0 X 10° EBV: 64 % 10°
25 54 M AIDS 84 43 1130 03 262 115 = — + ‘None HHV=8:1.5 X 10° EBV: 7.1 % 10°
26 73 F Mysloma 241 486 222 2.1 567 3.81 05 =% - — RCC, PC HHV=6: 1.7 x 107, TTV- 4.1 % 10%
27 70 M Knee joint MRSA infection 21 29 683 09 141 1.89 10 =+ — — None: TIV-35 X i0°
28 57 F _Sepsis 158 37 387 0.4 625 3380 0+ — — None _ None
29 5 M PH 42 84 497 02 264 185 0 - — — ‘None TTV: 45 % 10°
30 50 F AML 20 86 179 0.3 148 0.06 0 — — — RCC, PC TIV:9.0 X 10°
31 32 F AML, post BMT 173 230 2715 05 193 019 24 — — — RGC, PC TTV: 44 X 10°
32 52 M ALL postBMT 26 58 663 0.7 214 1531 1.2+ + — RCC,PC  HHV-8: 1.2 % 10° HHV-7: 7.7 % 10° TTV: 4.9 x 10°
33 44 F  MDS, post BMT 36 84 209 0.9 239 017 08 — — — RGC, PC HHV-6:1.9 x 10* TTv:2.7 x 10°
34 19 M _ Malignant lymphoma 48 125 181 0.7 161  0.26 0 — — :z None TTV-55 X 10°
35 76 F Drug-induced hepatitis 578. 384 920 24 562 0439 0 — — — ‘None TTV: 73 % 10°
36 80 M Hepatitis B (chronic) 1502 868 459 38 4271 132 04 o+ — — None HBV:1.6 % 10°% EBV: 1.5 x 10°, TTV: 7.8 % 10°
37 57 M Hepatitis B (acute) 938 1,707 917 33 459 115 0 =+ ~ — None HBV: 1.5 x 10°
12 Health , _ ; | HAV, HBV, HCV, HDV, HEV, HGV: <10 copies.
volunteer: HHV-1,2, VZV, EBV, CMV, HHV-6,7,8, BKV, JCV, PalvoB19: N.D. TTV: positive in 2 of 12; 5 x 10'-7.7 x 10% coples,

Normal upper limits. of AST, ALT, ALP, T-Bil, LDH, and CRP are 40 1U/L, 40 1U7L, 360 IU/L, 1.3 mg/dL, 230.1U/L, and 0.3 mg/dL, respectively. The copy number of each virus listed is exprassed
in its copy number /ml.
Atyp.Lym: atypical lymphocyte, PC: platelst concentrats, RCC: red cell concentrate, AIDS: acquired immunodsficisncy syndrome, ALL: acute lymphoblastic leukemia, ALP: alkaline phosphatase;
ALT: alkaline trarisaminase, AML: acute mysloid loaukemia; ATL: adult T-call leukeria, BMT: bans marraw transplantation, CRP: C-reactive protein; FUO: fever of unknown origin,

HPS: hemophagocytic syndrome, IP; interstitial pneumonia, LDH: lactate dehydrogenase, LN: lymph riode, MDS: myelodysplastic syndrome, PH: pulmonary hypertension, The: tuberculosis,

T.Bil total bilirubin, MRSA: methicillin—resistant Staphylococciss aureus, N.D: niot detected
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Table 5. Patients Reexamined for Liver Dysfunction and Previously Documented Viremia

P ﬁfnt ‘Age Sex Time of reexamination AST ALT ALP  TBil IDH CRP Fever Skinrash LN swelling Virus detected and its copy number
3 36 F_after 8 M 29 11 337 0.3 420 3.76 o+ — HHV-6: not detectable
4 63 F afterd M 34 34 186 038, 272 014 — — HHY-6: 4.3 x 10'
(] 49 M afterd M 37 70 347 04 207 006 - - HHV-6: 1.0 % 10’
8 72 F  after6M 48 19 288 0.8 227 211 — — HGV: 53 x 10°
9 53 M afterd M 19 28. 485 05 197 003 -— - HHV-6:1.0 x 10°
11 85 M after2W 615 §70. 1,739 20 649 024 - - TTV:3.5 x 10°
18 38 F__after 6 days 152 278 430: 0.7 417 038 =+ + -CMV: not reexamined
19 44 F  after 9 days 140 344 10862 08 246 005 =+ + EBV: not reexamined
20 68 F after2M 17 26. 139 04 147 313 — — TTV: 90 x 10°
21 256 F after2M 21 12 221 05 161 002 — = CMV:undetectable, HHV—6: not detectable
22 67 F after3M 26 6 278 09 328 543 - — HHV-6:1.4 % 10°
27 70 M after2W 78 72 494 29 257 234 =+ — TTV: 1.3 x 10°
30 50 F after1 M 24 74 158. 0.3 217 005 — — TTV: 60 x 10°
32 52 M _after2W 23 33 479 09 330 138 =+ —  HHV-6:1.3 x 10°, HHV-7; 52 x 10° TTV: 3.1 X 10°
33 4 F after1M 38 44 234 09 208 010 — - HHV—=6: not detectable, TTV: 1.7 X 10°
34 19 M after2M 28 56 160 09 146 055 — + —_TTV: not detectable
35 76 F_ ofter 3 M 29 13 776 1.0 244 045 — — TTV: not reexamined
3 80 M after 3W 94 172 258 251 272 207 =+ - HBV: 1.6 x 10% EBV: 1.5 x 10°, TTV: 1.76 X 10°
37 57 M after1M 16 20 223 0.9 132 030 —_ — HBV: not reexamined

Normal upper limits of AST: ALT: ALP: T-Bil: LDH: and CRP"are 40 1U/L: 40 1U/L: 360 1U/L: 1.3 mg/dL: 230 1U/L: and 0.3 mg/dL: respectively.

'AIDS: acquired immunodeficiency syndrome, ALL: acute lymphoblastic leukemia, ALP: alkaline phostphatase, ALT: alkaline tranisaminase, AML: acute myeloid leukemia,

ATL: adult T-cell leukemia, BMT: bone marrow transplantation, CRP: C-reactive protein, FUO: fever of unknown origin, HPS: hemophagocytic syndrome, IP: inteérstitial pneumonia,
LDH: lactate dehydrogenase, LN: lymph node, MDS: myalodysplastic syndrome, PH: pulmonary hypertsnsion, Tbe: tuberculosis, T.Bil: total bilirubin
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1.0000. Patient 21 had CMV-infectious mononucleosis, and
CMV was undetectable after 2 months of treatment with
ganciclovir, with normalized liver function. The liver dys-
function was improved after treatment with ganciclovir in
another patient with CMV-infectious mononucleosis (patient
18), although the viral load was ot reexamined. Patient 19
had EBV-infections mononucleosis, and the liver dysfunc-
tion was also improved with the resolution of fever and
lymph node swelling, suggesting the natural course of this
disease. On the other hand, the relationship between the
changes in liver dysfunction and the TTV load was unclear
in 7 patients in that were re-assayed for TTV, and TTV be-
came undetectable in patient 34 with the improvement of
the liver dysfunction. '
Incidence of liver dysfunction in each viral infection
Twelve patients that did not exhibit overt liver dysfunc-
tion regardless of viremia are described in Table 6. The inci-
dence of TTV, HHV-6, CMV, EBV, and HSV-1 infections
were 6/12, 6/12, 4/12, 1/12, and 1/12, respectively. The fre-
quency of individual viral infections was similar to that of
the patients with liver dysfunction {Table 4). These results
suggested that these viral infections do not always cause
overt liver dysfunction; therefore, the incidence of liver dys-
function was calculated in each case of viremia listed in Ta-
bles 3, 5. The results showed 70% TTV, 68% HHV-6, 43%
CMV, and 83% EBV.

Consistency of the results obtained by multiplex
PCR in comparison fo those obtained by routine vi-
ral examination

The results obtained by multiplex PCR combined with
real-time PCR ‘and we compared with those ‘obtained with
commercially available viris -examinations (Mitsubishi
Chemical Medience Corporation, Tokyo, Japan), which are
routiriely employed in this institute. Attending physicians
performed routine ‘virus examinations independent of the
current assay system in order to investigate the cause of the
liver dysfunction or the inflammation. Table 7 shows that
the results-obtained with the PCR assay system were consis-
tent with those obtained with routine virus tests except for
the results of EBV in patients 18, 21, and 40. EBV was not
detectable in the PCR assay in the first 2 patients, while the
routine BBV serological test was positive for the VCA-IgM
antibody. In contrast, the PCR assay system gave a positive
result ,fegardles’;s of the nfegaﬁve VCA-IgM antibody deter-
mined by routine examination in patient 40. The assay was
re-examined in the first 2 patients with a preserved DNA
specimen with negative results. In addition, Table 8 shows
that the results for HBV and HCV by the PCR were consis-
tent with those by the commercially available method (SRL
Inc., Hachioji, Japan).

In addition, the viral load of ParvoB19 was examined in a

HHV-6 load was significantly correlated with the levels of patient (52-year-old man) that came to the hospital because

AST, ALT, and ALP between the 1st and 2nd examinations,
and the correlation coefficients ranged from 0.9435 to

of anemia and a very low reticulocyte count. A bone mar-
row aspirate showed pure red cell aplasia (PRCA) with re-
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Table 7. Consistency of the Results Obtained by Multiplex Polymerase Chain Reaction (PCR) with those Obtained by Commercially Available Viral Examination

Viral examination by

Patient No. multiplex PCR Viral examination by commercial laboratory test” Results of viral serological tests® Consistency
5 EBV (—) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (1), EBNA IgG (4+) yes
7 CMV (—) CMV antigenemia (—) IgM (—), IgG (+) _ .

EBV (—) EBV seralogical test: previous infection VCA-IgM (—), VCA-IgG (+), EBNA IgG (-+) yes
CMV (—) CMV serological test 1eM (=), IgG (+)
11 EBV(—) EBV serological test | previous infection VCA-IgM (—), VCA-IgG (+), EA-IgG (—), EBNA IgG (+) ves
HSV (—) HSV-1 serological test IgM (=), 1gG (+)
18 CMV.(+) CMV serologlcal test: reactivation/IgM antibody (+)  IgM (), IgG () ; » , yes
EBV (—) EBV serological test: primary nfection VCA-IgM (+), VCA-IgG (+), EA-IgG (—), EBNA-IgG (+) no
19 EBV(+) EBV serological test: primary infection VCA-IgM {—), VCA-IgG (+) no
20 CMV (+) CMV pp65 antigenemia assay: positive IeM (=), 1eG (+) yes
CMV(+) CMV pp65 antigenemia assay: positive IeM (+); 1eG ()
21 , CMV serological test: reactivation/IgM antibody (+) ! yes
EBV(-) EBV serological test: primary infection A ) , g 1o
29 CMV(—) CMYV serological test: previous infection IgM (=), IgG (+) - ves
EBV (—) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (+), EA-IgG (+—), EBNA-IgG (+) ¥
CcMV(—) CMV serological test: previous infection IeM (=), 1aG (+) , o
37 EBV(—) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (1), EA-1gG (+—), EBNA-1gG (+) yes
HSV-1{—) HSV-1 serological test: previous infection IgM (—) IgG (+),
40 CMV(+) colon biopsy™ immunohistochemistry: positive IgM (=), IaG (+—) ‘ o yes
EBV(+) EB serological test: previous infection VCA-IgM (—), VCA-1gG (+), EBNA-IgG (+) no

CMV: cytomegalovirus, EBV: Epstein-Barr Virus, HSV: herpes simplex virus
#; Parformad by Mitsubishi Chemical Medience Corporation, Tokyo, Japan. Positivity of serological test was determined based on'positive IgM antibody.
%k: Performed in our institution
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