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CLINICAL SCIENCE

Diagnostic Utility of Quantitative Plasma Cytomegalovirus
DNA PCR for Cytomegalovirus End-Organ Diseases in
Patients With HIV-1 Infection

Daisuke Mizushima, MD,*1 Takeshi Nishijima, MD,*7 Shigeko Yashiro, MD, PhD,}
Katsuji Teruya, MD, PhD,* Yoshimi Kikuchi, MD, PhD,* Naomichi Katai, MD, PhD,}
Shinichi Oka, MD, PhD,*{ and Hiroyuki Gatanaga, MD, PhD*f

Objective: To investigate the diagnostic value of quantitative
plasma cytomegalovirus (CMV)-DNA polymerase chain reaction
(PCR) for CMV end-organ diseases (CMV-EOD) in patients with
HIV-1 infection.

Design: Single-center cross-sectional study.

Methods: The study subjects were HIV-1-infected patients with CD4
=200 per microliter, who had undergone ophthalmologic examination
with plasma CMV-DNA PCR measured within 7 days. CMV retinitis
and other CMV-EOD were diagnosed according to the ACTG criteria.
PCR value was converted into the WHO international standard.

Results: CMV retinitis and all CMV-EOD were diagnosed in 23
(5%) and 37 (8%) of the 461 study patients, respectively. CMV-DNA
was undetectable (<185 IU/mL) in 2 patients with CMV retinitis and
1 with encephalitis. The area under the receiver operating character-
istic curve of CMV-DNA for CMV retinitis and all CMV-EOD were
0.80 [95% confidence interval (CI): 0.71 to 0.89] and 0.82 (0.75 to
0.89), respectively. The sensitivity, specificity, positive predictive
value, and negative predictive value for each cutoff value of CMV-
DNA were as follows: for CMV retinitis, =10,086 TU/mL: 26.1%,
94.1%, 18.8%, 96%; =2946 TU/mL; 56.5%, 86.8%, 18.3%, 97.4%;
=959 TU/mL; 60.9%, 78.1%, 12.7%, 97.4%,; detectable CMV-DNA
(=185 TU/mL): 91.3%, 48.2%, 8.5%, 99.1%; for all CMV-EOD:
=10,086 TU/mL: 32.4%, 95.3%, 37.5%, 94.2%; =2946 IU/mL;
54.1%, 88%, 28.2%, 95.6%; =959 IU/mL; 62.2%, 79.5%, 20.9%,
96%; detectable CMV-DNA; 91.9%, 49.5%, 13.7%, 98.6%.

Conclusions: Plasma CMV-DNA PCR has a high diagnostic value
for both CMV retinitis and all CMV-EOD in patients with advanced
HIV-1 infection. A cutoff value of CMV-DNA =10,086 IU/mL
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and =2946 TU/mL yields high specificity, whereas undetectable
CMV-DNA load (<185 TU/mL) likely rules out CMV-EOD.

Key Words: cytomegalovirus infection, CMV-DNA PCR, HIV-1
infection, CMV retinitis, CMV end-organ diseases

(J Acquir Immune Defic Syndr 2015;68:140-146)

INTRODUCTION

Although antiretroviral therapy (ART) has substantially
improved the prognosis of patients with HIV-1 infection,
a large number of patients are still diagnosed with HIV-1
infection at a late stage, often with concurrent opportunistic
infections.'” Cytomegalovirus end-organ disease (CMV-
EOD) is a major debilitating opportunistic infection in
patients with advanced HIV-1 infection.>* Among CMV
end-organ diseases, retinitis is the most common clinical
manifestation, which can cause total blindness.® Other
manifestations include colitis, pneumonitis, esophagitis, and
various neurological diseases.>® Although the wide availabil-
ity of ART has substantially reduced the incidence of CMV-
EOD,” CMV-EOD is associated with increased mortality
even in the ART era.?

In HIV-1-infected patients, blood tests to detect CMV
by polymerase chain reaction (PCR) is not recommended for
the diagnosis of CMV-EOD by the American Adult and
Adolescent Opportunistic Infection Guidelines,® in contrast
with the management of solid-organ transplantation where
real-time quantitative PCR is the standard of care for the
diagnosis of CMV-EOD.*'® One major problem related to the
assessment of the diagnostic utility of quantitative PCR for
CMV-EOD is that there is often poor interinstitutional
correlation of quantitative PCR tests,'! which curtails the
establishment of cutoff values for clinical decision-making. In
this regard, the WHO International Standard, which attempts
to establish reproducibility in quantitative CMV load across
laboratories, has only become available in 2010.'*!* Hence,
only a few studies in the field of HIV-1 infection have
investigated this issue."*'7 Another issue in diagnosis of
CMV-EOD is that definitive diagnosis of CMV colitis is
sometimes difficult in a small number of patients because
tissue biopsy can only be obtained through colonoscopy. The
latter is not always feasible, especially in patients with poor
general condition, thus resulting in possible underdiagnosis of

] Acquir Immune Defic Syndr  Volume 68, Number 2, February 1, 2015
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CMV-EOD. However, diagnosis of CMV retinitis is rela-
tively easy with ophthalmologic examination including
dilated retinal examination using indirect ophthalmoscopy
by experienced ophthalmologist.

This study was designed to assess the diagnostic value of
quantitative plasma CMV-DNA PCR for CMV-EOD in patients
with advanced HIV-1 infection, with a special effort to tackle
the abovementioned 2 obstacles by (1) using a PCR method that
is traceable to the WHO international standard and (2) only
enrolling patient who underwent ophthalmologic examination to
avoid underdiagnosis of CMV retinitis, the most prevalent
CMV-EQOD, and calculating the diagnostic utilities of CMV
PCR separately for CMV retinitis and all CMV-EOD.

METHODS

Study Design, Setting, and Participants

We conducted a single-center cross-sectional study to
investigate the usefulness of quantitative plasma CMV-DNA
PCR for the diagnosis of CMV-EOD among patients with
advanced HIV-1 infection at AIDS Clinical Center, National
Center for Global Health and Medicine (NCGM), Tokyo, Japan.
This center is the largest referral center for HIV-1 infection in
Japan.'® The following criteria were applied for enrollment:
inclusion criteria—(1) HIV-1-infected patients aged =18 years
who first visited our clinic between January 2004 and December
2013 and underwent full ophthalmologic examination, (2)
patients with CD4 count =200 per microliter, and (3) plasma
CMV-DNA PCR was measured within 7 days from the day of
the ophthalmologic examination; and exclusion criterion—
patients who had already been diagnosed with CMV retinitis
or other CMV-EOD at the time of referral to our clinic, because
it is often difficult to confirm retinal photography or pathology,
which are required for the diagnosis of CMV-EOD according to
the standard ACTG criteria for such cases.’® At our clinic,
ophthalmologic examination including dilated retinal examina-
tion using indirect ophthalmoscopy by experienced ophthalmol-
ogist is routinely conducted on first visit to our clinic. When the
diagnosis of CMV retinitis was uncertain, the examination was
repeated within 1-4 weeks and then confirmed by at least 2
ophthalmologists. For patients with suspected CMV encephali-
tis, CMV-DNA PCR of cerebrospinal fluid was routinely
assessed, and gastroscopy or colonoscopy was performed with
biopsy for those with suspected CMV esophagitis/colitis.
Plasma CMV-DNA PCR was also routinely conducted for
HIV-1-infected patients with CD4 =200 per microliter.

The study was approved by the Human Research Ethics
Commiittee of NCGM. All patients included in this study
provided written informed consent for their clinical and
laboratory data to be used and published for research
purposes. The study was conducted according to the princi-
ples expressed in the Declaration of Helsinki.

Measurements

The results of the first ophthalmologic examination for
each patient were extracted from the medical charts, together
with plasma CMV-DNA PCR value determined within 7 days

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.
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of the examination. The diagnosis of CMV retinitis was based
on the standard ACTG criteria of “confirmed CMV retinitis,”
which include diagnosis by an experienced ophthalmologist
and documentation of CMV retinitis by retinal photography.'®
Data on other CMV-EOD were also extracted from the medical
records; the diagnosis of other CMV-EOD was based on the
standardized ACTG criteria and confirmed within 4 weeks of
ophthalmologic examination.'® Baseline characteristics [age,
sex, ethnicity, history of AIDS, route of HIV-1 transmission,
and treatment status for HIV-1 infection (either treatment naive
or experienced)], CD4 count, and HIV-1 viral load were also
collected. For CD4 count and HIV-1 viral load, the data closest
to and preceding the day of the first ophthalmologic examina-
tion were used. Systemic steroid use, anti-CMV treatment, and
chemotherapy were also recorded. They were defined as
therapies administered either orally or intravenously within 1
month preceding the ophthalmologic examination.

Measurement of Quantitative CMV-DNA PCR

Throughout the study period, CMV PCR tests were
conducted within 24 hours after sample blood collection
using the geniQ CMV Real-Time PCR assay. The tests were
performed at KITASATO-OTSUKA Biomedical Assay Lab-
oratories Co. (KOBAL; Sagamihara, Japan), which is
accredited by ISO15189. Details of the procedures, probes,
and primers for the assay were reported previously® and run
on the ABI 7900HT system (Applied Biosystems, Foster
City, CA). The assay used had a CMV-DNA limit of
detection of 200 copies per milliliter. The geniQ CMV
correlates well with COBAS AmpliPrep/COBAS TagMan
CMYV Test (Roche Molecular System, Branchburg, NJ); [R? =
0.9763, y = 0.9784x + 0.0427, where y = log;¢(geniQ CMV
copies/mL) and x = log;o(COBAS AmpliPrep/COBAS Tag-
Man CMYV Test), n = 59, unpublished data]. Because COBAS
AmpliPrep/COBAS TagMan CMV Test is traceable to the
WHO First International Standard with coefficient of 1.1,'2
the geniQ CMV was converted to WHO international unit
(IU) using following formula: = 0.91 X 10 raised to the power
of {[log;o(geniQ CMV copies/mL) — 0.0427]/0.9784}.

Statistical Analysis

Baseline characteristics were compared between patients
with and without CMV retinitis, and those with and without
CMV-EOD, using the Student ¢ test and x> test (Fisher exact
test) for continuous and categorical variables. The univariate
logistic regression model was applied to estimate the effects of
different CMV-DNA cutoff values [CMV-DNA PCR =10,000
copies/mL (10,086 IU/mL), =3000 copies/mL (2946 IU/mL),
and =1000 copies/mL (959 IU/mL), and detectable CMV load
[=200 copies/mL (185 TU/mL)] and other variables on the
occurrence of CMV retinitis and all CMV-EOD. Undetectable
CMV-DNA [<200 copies/mL (185 IU/mL)] was treated as 10
TU/mL (1 log;o IU/mL) in logarithmic calculations. Multivar-
iate logistic regression model was applied to estimate the
effects of each CMV-DNA cutoff values on the development
of CMV retinitis and all CMV-EOD. The model for CMV
retinitis was adjusted for age and CD4 count, because low CD4
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count is an established risk factor for CMV retinitis*' and also
for variables with P value of <0.05 in univariate analysis
(other CMV diseases). The model for all CMV-EOD was
adjusted for age, CD4 count, and anti-CMV treatment. Sex was
not added to the models because all patients with retinitis and
all except 1 CMV-EOD patient were males. Receiver operating
characteristic (ROC) curves were constructed, and the area
under the curve (AUC) was estimated with 95% confidence
interval (CI) to quantify the accuracy of CMV-DNA PCR. The
sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and adjusted odds ratio for the
diagnosis of CMV retinitis and all CMV-EOD were calculated
for abovementioned different cutoff values. Additional analy-
ses were conducted for data of patients with CD4 count of
=100 and those with CD4 count of =50 per microliter.
Statistical significance was defined as 2-sided P values <0.05.
We used odds ratios (ORs) with 95% CIs. All statistical
analyses were performed with the Statistical Package for Social
Sciences version 21.0 (SPSS, Chicago, IL).

RESULTS

As shown in Figure 1, 1635 patients visited our clinic
for the first time during the study period and underwent
ophthalmologic examination. Of the 764 patients who had
CD4 <200 per microliter, 461 (60%) patients underwent
CMV-DNA PCR within 7 days of the examination and were
included as the study patients. They were mostly Asian males
and treatment naive for HIV-1 infection (Table 1). The
median CD4 count and HIV-1 load were 42 per microliter
[interquartile range (IQR), 18-78/uL] and 5.23 logqcopies

per milliliter (IQR, 4.85-5.68 log;ocopies/mL), respectively.
CMV-DNA was detected in 248 (54%), 218 (58%), and 164
(62%) patients of the total study population (CD4 =200/uL),
patients with CD4 =100 per microliter, and those with
CD4 =50 per microliter, respectively.

CMV retinitis was diagnosed in 23 (5.0%) patients.
Furthermore, 8 CMV colitis, 5 encephalitis, and 4 esophagitis
cases were diagnosed. All encephalitis cases had documented
detection of viral nucleic acids in cerebrospinal fluid, and all
colitis and esophagitis had documented pathological evidence
of CMV infection.'® Because 3 patients had more than 1 CMV-
EOD, 37 (8.0%) patients were diagnosed with CMV-EOD.
The median CD4 counts of patients with CMV retinitis and
those with any CMV-EOD were 31/ul. (IQR, 16-74/uL; range,
7-158/uL) and 25/pL (IQR, 10-57/uL; range, 3-158/uL),
respectively (Table 1).

Patients with CMYV retinitis or CMV-EOD had higher
CMV load and were more likely to have CMV load
of =10,086 IU/mL, =2946 IU/mL, =959 IU/mL, and
detectable load than patients without retinitis or CMV-EOD,
respectively (Table 1). CMV-DNA was undetectable in 2
patients with retinitis and 1 patient with encephalitis. None of
these 3 patients had received anti-CMV treatment within 1
month preceding the day of PCR examination. Patients with
CMV retinitis and those with CMV-EOD tended to be on
anti-CMV treatment compared with those free of these
diseases (P = 0.095 and P = 0.018, respectively). There
was no difference in CD4 count between patients with CMV
retinitis and without retinitis, whereas CD4 count of the
patients with CMV-EOD was marginally lower than that of
those free of CMV-EOD (P = 0.053). There was no difference

HIV-1 infected patients who visited the AIDS Clinical Center for the first time and underwent
ophthalmologic examination between Jan 2004 and Dec 2013

n=1,635
Excluded (n=22)
Less than18 years of age n=7
Already diagnosed with CMV end-organ diseases n=12
No available CD4 data n=3
n=1,613
Excluded
CD4 >200 /ul n=849
n=764
Excluded
No available CMV-DNA PCR n=303
Enrolled in the study n=461
CMV end-organ diseases? (n=37)
Retinitis n=23
Colitis n=8
Encephalitis n=5
FIGURE 1. Patient enrollment pro- Esophagitis n=4
cess. {Three patients had more than )
1 CMV-EOD No CMV end-organ diseases (n=424)
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TABLE 1. Baseline Characteristics of HIV-1-Infected Patients With and Without Cytomegalovirus Retinitis and CMV-EOD

CMYV Retinitis All CMV-EOD
All Study Patients CMYV Retinitis No CMYV Retinitis All CMV-EOD No CMV-EOD
@ = 461) (n=23) (n = 438) P (=37 (n = 424) P

Sex (male), n (%) 433 (94) 23 (100) 410 (94) 0.39 36 (97) 397 (94) 0.72
Age* 39 (33-48) 42 (33-53) 39 (33-47) 023 41 (34-50) 39 (33-47) 0.24
CMV load (logo TU/mL)* 227 (1.00-2.91) 347 (2.67-4.00) 227 (1.00-2.82) <0.001 3.47 (2.67-4.31) 2.27 (1.00-2.75) <0.001

210,086 IU/mL, n (%) 32 (7 6 (26) 26 (6) 0.003 12 (32) 20 (5) <0.001

=2946 IU/mL, n (%) 71 (15) 13 (57) 58 (13) <0.001 20 (54) 51 (12) <0.001

=959 IU/mL, n (%) 110 (24) 14 (61) 96 (22) <0.001 23 (62) 87 (21) <0.001

Detectable (=185 IU/mL), n (%) 248 (54) 21 (91) 227 (52) <0.001 34 (92) 214 (51) <0.001
CMV diseases other than retinitis, n (%) 17 (4) 3(13) 14 (3) 0.047 NA NA NA
CD4 count (/fuL)* 42 (18-78) 31 (16-74) 43 (18-78) 0.55 25 (10-57) - 43 (19-81) 0.053
HIV RNA viral load 5.23 (4.85-5.68) 5.32 (4.57-5.84) 5.23 (4.85-5.67) 0.52  5.51 (4.89-5.72) 5.20 (4.84-5.67) 0.89

(log;o copies/mL)*
ART, n (%) 40 (9) 3 (13) 37 (8) 0.44 3(8) 379 1.00
Systemic steroid use, n (%) 134 (29) 5(22) 129 (30) 0.49 13 (35) 121 (29) 0.45
Anti-CMV treatment, n (%) 36 (8) 4 (17) 32 (7) 0.095 7(19) 29 (D) 0.018
Chemotherapy, n (%) 10 (2) 14 9(2) 0.40 1(3) 9 0.57
History of AIDS, n (%) 339 (74) 23 (100) 316 (72) 0.001 37 (100) 302 (71) <0.001
Homosexual contact, n (%) 365 (79) 17 (74) 348 (30) 0.60 29 (78) 336 (79) 0.84
Diabetes mellitus, n (%) 15(3) 14 14 (3) 0.54 2 (5) 13 (3) 0.34

*Median (IQR).
NA, not applicable.

in age, HIV RNA viral load, and the percentage of patients on
ART, on systemic steroid use, on chemotherapy, and with
diabetes mellitus, between patients with and without CMV
retinitis and patients with and without CMV-EOD (Table 1).

Univariate analysis showed that CMV-DNA =10,086,
=2946, and =959 IU/mL were all associated with CMV
retinitis, whereas undetectable load (<185 IU/mL) was
inversely associated with CMV retinitis (OR, 0.1; 95% CL
0.02 to 0.44; P = 0.002) (Table 2). Concurrent CMV diseases
other than retinitis were also associated with retinitis and on
anti-CMV therapy were marginally associated with retinitis.
Similarly, CMV-DNA =10,086, =2946, and =959 IU/mL
were all associated with CMV-EOD, whereas undetectable
CMYV load was inversely associated with CMV-EOD (OR,
0.1; 95% CI: 0.03 to 0.30; P < 0.001). The use of anti-CMV
treatment was also associated with CMV-EOD.

ROC-AUC of CMV-DNA PCR was 0.80 (95% CI: 0.71
to 0.89) for CMV retinitis and 0.82 (95% CI: 0.75 to 0.89) for
all CMV-EOD. The sensitivity, specificity, PPV, NPV, and the
result of multivariate analysis for each cutoff value of CMV-
DNA for the diagnosis of CMV retinitis are shown in (Table 3).
CMV-DNA PCR of 210,086 and of =2946 IU/mL had 94.1%
and 86.8% specificity, respectively, whereas detectable PCR
had 91.3% sensitivity (NPV 99.1%). For all CMV-EOD, CMV-
DNA of =10,086 and of =2946 IU/mL had 95.3% and 88%
specificity, respectively, whereas detectable PCR had 91.9%
sensitivity (NPV 98.6%) (Table 4).

Among patients with CD4 count of =100/uL (n = 376)
and =50/uL (n = 265), 20 (5.3%) and 14 (5.3%) patients,
respectively, were diagnosed with CMV retinitis and 33
(8.8%) and 26 (9.8%) patients, respectively, were diagnosed
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with any CMV-EOD. For patients with CD4 =100/uL, ROC-
AUC of the CMV-DNA PCR for the diagnosis of CMV
retinitis was 0.77 (95% CL 0.67 to 0.87), and for the
diagnosis of all CMV-EOD, it was 0.79 (95% CI: 0.71 to
0.87). For those with CD4 =50/uL, ROC-AUC for CMV
retinitis was 0.73 (95% CI: 0.62 to 0.84) and for CMV-EOD,
it was 0.76 (95% CI: 0.67 to 0.85).

The sensitivity, specificity, PPV, and NPV for each cutoff
value for the diagnosis of CMV retinitis in patient with CD4
counts =100/pL and =50/uL are shown in (Table 3). For
patients with CD4 =100/pL, CMV-DNA PCR of =10,086 and
=2946 TU/mL yielded 93.3% and 84.8% specificity, respec-
tively, whereas detectable CMV-DNA had 90% sensitivity (NPV
98.7%). Similarly, for patients with CD4 =50/ul,, CMV-DNA
of =10,086 and =2946 IU/mL had 92% and 82.1% specificity,
respectively, and detectable CMV-DNA had 92.9% sensitivity
(NPV 99%). These parameters for the diagnosis of all CMV-
EOD in patients with CD4 count =100/uL and =50/uL are
shown in (Table 4). For patients with CD4 =100/uL, CMV-
DNA PCR of =10,086 and =2946 TU/mL had 94.5% and 86%
specificity, respectively, whereas detectable CMV-DNA had
90.9% sensitivity (NPV 98.1%). Similarly, for patients with CD4
=50/pL, CMV-DNA of =10,086 and =2946 IU/mL had 93.7%
and 83.7% specificity, respectively, and detectable CMV-DNA
had 92.3% sensitivity (NPV 98%)).

DISCUSSION
This cross-sectional study showed that quantitative
plasma CMV-DNA PCR test is a useful surrogate marker
for the diagnosis of both retinitis and all CMV-EOD in
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TABLE 2. Results of Univariate Analysis to Estimate the Association of Each Variable With CMV Retinitis and All CMV-EOD

CMYV Retinitis All CMV-EOD
OR 95% CI P OR 95% CI P
CMV load =10,086 TU/mL 5.6 2.03 to 15.4 0.001 9.7 4.26 to 22.1 <0.001
CMV load =2946 IU/mL 8.5 3.57 to 20.3 <0.001 8.6 423 to 17.5 <0.001
CMV load =959 IU/mL 5.5 233 to 13.2 <0.001 6.4 3.15 to 12.9 <0.001
Undetectable CMV load (<185 IU/mL) 0.1 0.02 to 0.44 0.002 0.1 0.03 to 0.30 <0.001
Age per | yr increment 1.0 0.99 to 1.06 0.24 1.0 0.99 to 1.05 0.24
CD4 per 1/pL increment 1.0 0.99 to 1.01 0.55 1.0 0.98 to 1.00 0.057
HIV-1 RNA load per 1 logyo copies/mL increment 0.9 0.57 to 1.32 0.52 1.0 0.71 to 1.49 0.89
ART 1.6 0.46 to 5.73 0.45 0.9 0.27 to 3.15 0.90
CMV diseases other than retinitis 45 1.21to0 17.1 0.025 NA NA NA
Anti-CMV treatment 2.7 0.86 to 8.32 0.090 3.2 1.29 to 7.86 0.012
Chemotherapy 2.2 0.26 to 17.9 0.47 1.3 0.16 to 10.4 0.82
Systemic steroid use 0.7 0.24 to0 1.83 0.43 1.4 0.67 to 2.75 0.40

HIV-1-infected patients with CD4 count =200/uL. The
cutoff value of =10,086 TU/mL yielded 94.1% specificity for
CMYV retinitis and 95.3% specificity for all CMV-EOD, and
the cutoff of =2946 IU/mL had 86.8% specificity for retinitis
and 88% specificity for all CMV-EOD. Undetectable load
(<185 TU/mL) can likely rule out CMV retinitis and EOD,
since undetectable load showed 91.3% and 91.9% sensitivity
(99.1% and 98.6% NPV) for retinitis and all EOD, respec-
tively. In subgroup analysis of patients with CD4 count
of =100/uL and =50/uL, the results were also similar.
Especially, the result that undetectable CMV load can rule
out any CMV-EOD with >90% sensitivity (NPV >98%)
should help clinical decision making as a surrogate marker.
This study has 2 major strengths. First, to the best of
our knowledge, this is the first study that has investigated the
diagnostic value of quantitative CMV-DNA PCR for CMV-
EOD in patients with HIV-1 infection, with the results
converted to the WHO international unit to allow comparison

of the cutoff values with those obtained by other laboratories.
Another important dimension of the study was the processing
of the PCR test within 24 hours after blood sample collection.
In this regard, the stability of CMV viral load in blood and
plasma samples stored over a long period of time has not been
well validated.>*?

Second, we only included patients who underwent full
ophthalmologic examination to avoid underdiagnosis of
retinitis to appropriately evaluate the diagnostic value of
plasma CMV-DNA PCR. For other CMV diseases, such as
esophagitis and colitis, underdiagnosis is possible to some
extent because in clinical practice, not all patients with
difficulty in swallowing or abdominal pain can undergo
endoscopy and pathological examination, which are required
for the diagnosis of CMV gastrointestinal diseases.?**
However, it is relatively easy for experienced ophthalmolo-
gists to make a definitive diagnosis for CMV retinitis.
Furthermore, CMV retinitis forms the largest proportion of

TABLE 3. Diagnostic Accuracy of CMV-DNA PCR for CMV Retinitis Using Different Cutoff Values for the Entire Study Population
(CD4 =200/ul), patients With CD4 =100/pl, and those With =50/pL

Adjusted OR

Sensitivity, % Specificity, % PPV, % NPV, % OR (95% CI) P

Study patients (N = 461)

CMV-DNA PCR =10,086 IU/mL 26.1 94.1 18.8 96.0 4.2 (1.39t0 12.9) 0.011

CMV-DNA PCR =2946 [U/mL 56.5 86.8 18.3 97.4 7.9 (3.12 to 20.1) <0.001

CMV-DNA PCR =959 IU/mL 60.9 78.1 12.7 97.4 5.0 (2.02 to 12.6) 0.001

Detectable CMV-DNA PCR (=185 IU/mL) 91.3 48.2 8.5 99.1 9.0 (2.02 to 40.0) 0.004
Patients with CD4 =100 (n = 376)

CMV-DNA PCR =10,086 IU/mL 20 93.3 14.3 954 2.8 (0.75 to 10.2) 0.13

CMV-DNA PCR =2946 TU/mL 55 84.8 16.9 97.1 6.7 (2.53 to 18.0) <0.001

CMV-DNA PCR =959 IU/mL 60 75.3 12 97.1 4.3 (1.65t0 11.4) 0.003

Detectable CMV-DNA PCR (=185 IU/mL) 90 438 8.3 98.7 6.6 (1.48 t0 29.7) 0.013
Patients with CD4 =50 (n = 265)

CMV-DNA PCR =10,086 TU/mL 21.4 92 13 95.5 2.3 (0.49 to 11.0) 0.29

CMV-DNA PCR =2946 TU/mL 42.9 82.1 11.8 96.3 2.9 (0.90 to 9.37) 0.075

CMV-DNA PCR =959 IU/mL 50 72.5 9.2 96.3 2.4 (0.76 to 7.43) 0.14

Detectable CMV-DNA PCR (=185 IU/mL) 92.9 39.8 7.9 99 7.5 (0.95 to 58.8) 0.057
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CMV PCR for Diagnosis of CMV Diseases

TABLE 4. Diagnostic Accuracy of CMV-DNA PCR for All CMV Organ Diseases Using Different Cutoff Values for the Entire Study
Population (CD4 =200/uL), Patients With CD4 =100/pL, and Those With =50/uL

Adjusted OR
Sensitivity, % Specificity, % PPV, % NPV, % OR (95% C)) P

Study patients (n = 461)

CMV-DNA PCR =10,086 IU/mL 32.4 95.3 37.5 94.2 7.5 (3.16 to 18.0) <0.001

CMV-DNA PCR =2946 TU/mL 54.1 88 28.2 95.6 7.2 (347 to 15.2) <0.001

CMV-DNA PCR =959 IU/mL 62.2 79.5 20.9 96 54 (2.59to 11.1) <0.001

Detectable CMV-DNA PCR (=185 IU/mL) 91.9 49.5 13.7 98.6 9.7 (2.91 to 32.5) <0.001
Patients with CD4 =100 (n = 376)

CMV-DNA PCR =10,086 TU/mL 27.3 94.5 32.1 93.1 5.1 (1.95 to 13.3) 0.001

CMV-DNA PCR =2946 TU/mL 51.5 86 26.2 94.9 5.8 (2.67 to 12.5) <0.001

CMV-DNA PCR =959 TU/mL 60.6 76.7 20 95.3 4.5 (2.09 to 9.56) <0.001

Detectable CMV-DNA PCR (=185 IU/mL) 90.9 452 13.8 98.1 7.6 (2.27 to 25.7) 0.001
Patients with CD4 =50 (n = 265)

CMV-DNA PCR =10,086 IU/mL 30.8 93.7 34.8 92.6 58 (19510 17.4) 0.002

CMV-DNA PCR =2946 TU/mL 46.2 83.7 235 93.5 3.8 (1.58 to 9.08) 0.003

CMV-DNA PCR =959 IU/mL 53.8 74.1 18.4 93.7 3.0 (1.27 to 6.99) 0.012

Detectable CMV-DNA PCR (=185 TU/mL) 92.3 414 14.6 98 7.9 (1.81 to 34.3) 0.006

CMV-EOD in patients with HIV-1 infection.** These were
the reasons for setting up the abovementioned inclusion
criteria for study patients and for separately analyzing the
diagnostic value of CMV load for CMV retinitis and all
CMV-EOD. The results for CMV retinitis and all CMV-EOD
were very similar.

Our results that quantitative plasma CMV-DNA PCR
test is useful for the diagnosis of CMV-EOD, especially in
ruling out CMV-EOD, are in conflict with the American Adult
and Adolescent Opportunistic Infection Guidelines, which do
not recommend the use of blood tests to detect CMV by PCR
for the diagnosis of CMV-EOD.* However, it needs to be
noted that, to the best of our knowledge, only 3 studies have
previously investigated the utility of blood CMV load for the
diagnosis of CMV-EOD with cross-sectional study design,'* "¢
although many other studies either longitudinally investigated
the utility of CMV load for the prediction or progression of
CMV-EOD or death during the follow-up period,**>* or
examined the effectiveness of preemptive therapy for CMV-
EOD based on positive CMV load."®**3¥ The major limi-
tations of the abovementioned 3 studies that investigated the
diagnostic utility of blood CMV load for CMV-EOD included
small sample size (n = 70 for Yoshida et al,"* n = 58 for
Pellegrin et al,'® and n = 53 for Brantsaeter et al'®), and
importantly, their results were not convertible to the WHO
international unit. In comparison, this study included a far
larger number of study population of 461 patients, and the
results were convertible to the WHO international unit. These 2
features probably explain the reasons why the results of this
study are in conflict with the recommendations made by the
abovementioned American Guidelines.?

Apart from the abovementioned strengths of this study,
we need to acknowledge some study limitations. First,
although all study patients underwent full ophthalmologic
examination for the screening of CMV retinitis, due to the
nature of observational study, not all patients necessarily
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underwent the appropriate procedures (eg, endoscopy or
biopsy) required to establish the diagnosis of CMV-EOD.
Thus, underdiagnosis of CMV-EOD other than retinitis is
possible in this study. However, as explained above, the
majority of CMD-EOD cases had retinitis (23 of 37),
consistent with previous studies,™® and the diagnostic param-
eters for each cutoff value of CMV load was similar for CMV
retinitis and all CMV-EOD, suggesting that substantial
underdiagnosis of CMV-EOD other than retinitis was
unlikely. Second, this study did not exclude patients who
have received anti-CMV treatment, although the treatment
could have affected the value of CMV-DNA PCR. This is
because it is not sometimes easy to judge whether the patient
had received anti-CMYV treatment or not, and the number of
patients who received either oral or intravenous anti-CMV
treatment within 1 month preceding the ophthalmologic
examination was relatively small; 36 (8%) of all study
patients, 4 (17%) of patients with CMV retinitis, and 7
(19%) of those with any CMV-EOD. Furthermore, exclusion
of patients with anti-CMV treatment did not alter the results;
the cutoff value of =10,086 TU/mL yielded 95.3% and 96.2%
specificity for CMV retinitis and for all CMV-EOD, respec-
tively, and undetectable load had 89.5% and 90% sensitivity
(99% and 98.5 NPV) for retinitis and all EOD, respectively.

In conclusion, quantitative plasma CMV-DNA PCR
using WHO international unit was a useful surrogate
diagnostic marker for CMV-EOD in HIV-1-infected patients
with CD4 count =200/pL. The cutoff value of =10,086
IU/mL yielded 94.1% specificity for retinitis and 95.3%
specificity for all CMV-EOD, whereas undetectable load
(<185 IU/mL) had 91.3% and 91.9% sensitivity (99.1%
and 98.6% NPV) for retinitis and all CMV-EOD, respec-
tively. Especially, the result that undetectable load could
rule out any CMV-EOD with >90% sensitivity (>98%
NPYV) can be helpful in clinical practice for the screening of
CMV-EOD in patients with HIV-1 infection.
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Abstract

Pre-existing low-frequency resistance-associated variants (RAVs) may jeopardize success-
ful sustained virological responses (SVR) to HCV treatment with direct-acting antivirals
(DAAs). However, the potential impact of low-frequency (~ 0.1%) mutations, concatenated
mutations (haplotypes), and their association with genotypes (Gts) on the treatment out-
come has not yet been elucidated, most probably owing to the difficulty in detecting pre-ex-
isting minor haplotypes with sufficient length and accuracy. Herein, we characterize a
methodological framework based on lllumina MiSeq next-generation sequencing (NGS)
coupled with bioinformatics of quasispecies reconstruction (QSR) to realize highly accurate
variant calling and genotype-haplotype detection. The core-to-NS3 protease coding se-
quences in 10 HCV monoinfected patients, 5 of whom had a history of blood transfusion,
and 11 HCV/HIV coinfected patients with hemophilia, were studied. Simulation experiments
showed that, for minor variants constituting more than 1%, our framework achieved a posi-
tive predictive value (PPV) of 100% and sensitivities of 91.7—100% for genotyping and
80.6% for RAV screening. Genotyping analysis indicated the prevalence of dominant Gtla
infection in coinfected patients (6/11 vs 0/10, p = 0.01). For clinical samples, minor genotype
ovetlapping infection was prevalent in HCV/HIV coinfected hemophiliacs (10/11) and pa-
tients who experienced whole-blood transfusion (4/5) but none in patients without exposure
to blood (0/5). As for RAV screening, the Q80K/R and S122K/R variants were particularly
prevalent among minor RAVs observed, detected in 12/21 and 6/21 cases, respectively.
Q80K was detected only in coinfected patients, whereas Q80R was predominantly detected
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in monoinfected patients (1/11 vs 7/10, p < 0.01). Multivariate interdependence analysis re-
vealed the previously unrecognized prevalence of Gt1b-Q80K, in HCV/HIV coinfected he-
mophiliacs [Odds ratio = 13.4 (3.48-51.9), p < 0.01]. Our study revealed the distinct
characteristics of viral quasispecies between the subgroups specified above and the feasi-
bility of NGS and QSR-based genetic deconvolution of pre-existing minor Gts, RAVs, and
their interrelationships.

Introduction

The most recently published study revealed that approximately 180 million individuals are
chronically infected with hepatitis C virus (HCV) worldwide [1]. HCV is a positive-sense, sin-
gle-stranded RN A virus belonging to the Flaviviridae family, genus Hepacivirus, causing
chronic hepatitis C, liver cirrhosis, liver failure and hepatocellular carcinoma [2]. Until recent-
ly, the standard therapy for patients infected with HCV have been a combination therapy of
pegylated-interferon (peg-IFN) plus ribavirin for up to 48 weeks, in which the sustained viro-
logical response (SVR) was achieved in about 50% of the patients even in those infected with
hard-to-treat genotypes (including Gtla and Gt1b). Despite its clinical efficacy, deleterious and
nonetheless often common adverse effects, including hemolytic anemia, depression and auto-
immune diseases, lead to treatment discontinuation [3]. However, the development of new

orally administered therapeutic agents called direct-acting antivirals (DA As) markedly trans-
formed the treatment against chronic HCV infection into a highly successful one with less se-

IFN-free therapy [8-10].

However, the resistance to DAAs might jeopardize the success of HCV treatment. HCV and
other RNA viruses exhibit a significant genetic heterogeneity known as quasispecies owing to
their extremely error-prone replication [11,12]. This preexisting diversity allows viruses to rap-
idly develop resistance to antivirals and to escape from host immunity, which may lead to treat-
ment failure. Consistent with their self-diversifying nature, many studies have confirmed the
prevalence of naturally occurring resistance-associated variants (RAVs) against DAAs in treat-
ment-naive HCV patients [13,14]. Indeed, the precise effect of preexisting RAVs on DAA treat-
ment outcome remains elusive, most probably owing to the difficulty in detecting preexisting
minor RAVs with sufficiently high accuracy. Nonetheless, the impact of those harbored viral
subpopulations should not be undervalued. Even a low-frequency drug-resistant quasispecies
at the baseline with an estimated abundance range of 0.07-2.0% has been associated with early
therapeutic failure in a study of human immunodeficiency virus (HIV) [15]. As for HCV, one
recently published large-scale sequence meta-analysis across five clinical trials showed the asso-
ciation of the NS5B substitutions L159F and V321A with the failure of treatment with sofosbu-
NS5B variants emerged in 2.2-4.4% of patients in whom sofosbuvir treatment failed, the rea-
sons for the treatment failure in the remaining patients were unclear. The limitation of their
study is that the detection thresholds of their analyses were set at frequencies of 1-10%. Anoth-
er study of HCV demonstrated that minor quasispecies at the baseline with the minimum
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abundances of 0.004-0.02% could in some cases be phylogenetically linked to predominant
mouse model, harbored quasispecies with RAV's at a frequency of approximately 0.5% became
dominant after the failure of DAA therapy, and it has been demonstrated that sequential use of
three different classes of DAAs led to the occurrence of triple resistance [18]. Because most re-
sistance-relevant mutations are considered to initially appear as minor variants constituting
approximately 0.01-1.0% of the total population, high sensitivity and accuracy are considered
prerequisites for analyzing the effect of preexisting minor quasispecies on treatment outcome.

Recent improvements of next-generation sequencing (NGS) enable us to analyze mixed ge-
nomic samples in an unprecedented scale. Roche 454 pyrosequencing, which is a pioneer of
NGS technology, has been most widely used in viral genomics because of its relatively long
read length (~ 500 nt), whereas Illumina flow-cell deep sequencing has emerged as a promising
alternative owing to its prodigious data productivity and accurate base calling.

Although a hopeful technology, current NGS has several pitfalls. One problem is the diffi-
culty in distinguishing true low-frequency mutations from sequencing artifacts. Because NGS
produces a tremendous amount of data, even rare artificial substitutions and indels introduced
by the polymerase could distort the interpretation of results, particularly when examining low-
frequency single amino acid mutation. A high coverage and a low error rate are highly pre-
ferred to circumvent this perplexing problem. Loman et al. compared the sequence accuracy
between various benchtop NGS sequencers, concluding that Illumina MiSeq showed the high-
However, since exact error rates are sensitive to experimental condition and target sequences,
at present, preliminary simulations and/or control experiments would be indispensable to de-
termine the error rate and detection limit for a true positive variant.

Another problem is that, owing to inestimable viral diversity, conventional reference se-
quence-based single-nucleotide variant (SNV) detection would be inappropriate for viral re-
search. To overcome this limitation, the bioinformatics approach known as “quasispecies
mented sequence data is summarized into nucleotide haplotypes (representing viral quasispe-
cies) and their relative abundances, so that even RAVs with a high genetic barrier (amino acid
changes derived from two or three concatenating nucleotide substitutions) can be reliably de-
tected. Moreover, this nucleotide haplotype information can be diverted to geno/subtyping,
thereby allowing integrated analysis of genotype (Gt) and RAV. Despite a promising strategy
for a high-throughput, error-reduced RAV detection, QSR yet poses some challenges to over-
come. First, it should be validated using both simulations and clinical samples on a case-by-
case basis, as it is yet an emerging and developing technology. Second, the input reads must be
sufficiently long and at the same time generated at a high coverage [21]. Schirmer et al. have
characterized several types of QSR software with simulated NGS read datasets emulating
Roche 454 pyrosequencing (492 nt on average) and Illumina NGS (75 nt), and concluded that
QSR did not work properly for Illumina sequence data owing to its relatively short read length
[23], although the situation now changes with the recently released Illumina MiSeq reagent v3
allowing a read length of up to 2 x 300 nt. Finally, bioinformatics pipelines must be easily acces-
sible to non-bioinformaticians including physicians and wet-experiment researchers.

In this study, we attempted to characterize and validate QSR-based genotyping and RAV
screening pipelines with regards to HCV for analyzing the association between Gts and RAVs.
We used preserved serum samples from HCV monoinfected patients, half of whom have a his-
tory of blood transfusion, and HCV/HIV coinfected hemophiliacs, who were highly suspected
of having multiple exposures to unheated coagulation factor concentrates presumably contam-
inated with viruses. Illumina MiSeq 2 x 300 nt paired-end deep sequencing was utilized with
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the reagent v3. QSR was performed using two different types of publicly available, OS-indepen-
dent software (QuRe and QuasiRecomb) [25,26], and outputs were integrated to achieve better
genotyping and RAV screening performance. For genotyping, both the core and NS3 protease
region were chosen as targets, whereas only the NS3 protease region was targeted for RAV
screening. Preliminary simulation experiments demonstrated that, by combining those two
QSR approaches, high sensitivity and positive predictive values could be accomplished at least
semiquantitatively with the relative abundance range of around 1.0-99%. Moreover, the geno-
typing results of clinical samples indicated that, as expected, multi-geno/subtype overlapping
infection was common among HCV/HIV coinfected hemophiliacs and HCV monoinfected pa-
tients with a history of whole-blood transfusion. Finally, the integrated analysis for Gts and
RAVs suggested the possible prevalence of a previously unrecognized linkage including Gtlb-
Q80K in NS3 protease regions among HIV coinfected hemophiliacs. This small-scale study il-
lustrated the potential of NGS and QSR-based genotyping and RAV screening, therefore war-
ranting further studies with a larger number of samples to validate the tendencies observed in
this study, and to determine the extent to which the response to DAA therapy would be im-
paired by the preexisting minor variants. Application of our framework to the other HCV ge-
nome region such as NS5A and NS5B may also be feasible and helpful for future DAA therapy.

Materials and Methods
Patients and Clinical Samples

Ten serum samples randomly selected from HCV monoinfected patients and 11 samples from
HCV/HIV coinfected hemophiliacs, all of whom visited our institutions in 2013, were included
in this study. All patients were naive to DAA therapy. Al HCV/HIV co-infected patients main-
tained undetectable HIV RNA by combination anti-retroviral therapy (cART). Al HCV/HIV
coinfected patients had recurrently used coagulation factor concentrates for hemophilia treat-
ment but no history of blood transfusion. Five HCV monoinfected patients had a history of
whole-blood transfusion, whereas the remaining 5 patients did not. The clinical profiles of the
patients included in this study are summarized in Table 1. All serum samples were appropriate-
ly preserved at —80°C until use.

This study was approved by the ethics committees of the University of Tokyo (number
2305-2), and written informed consent was obtained from all study participants in accordance
with the Declaration of Helsinki.

RT-PCR of partial core to NS3 protease region

Viral RNA was extracted from 140 pl of serum using QIAamp Viral RNA Mini Kit (Qiagen,
Valencia, CA). RNA was eluted in 60 pl of Buffer AVE, and immediately used for RT-PCR or
preserved at —80°C until use.

An aliquot (8 pl) of RNA was reverse transcribed using PrimeScript 1st strand cDNA Syn-
thesis Kit (Takara Bio, Tokyo, Japan). Total RN A was denatured at 65°C for 5 min in a total
volume of 10 pl containing dNTPs (1 mM each) and an in-house RT primer (0.2 yM). Dena-
tured RNA was reverse transcribed with 20 units of an RNase inhibitor and 200 units of Prime-
Script RTase in a final volume of 20 pl. A reaction mix was prepared on ice, annealed at 30°C
for 5 min, reverse transcribed at 42°C for 70 min and stopped at 70°C for 15 min. An aliquot
(1 ul) of cDNA was amplified by nested PCR using Expand High Fidelity PCR System (Roche
Applied Science, Indianapolis, IN, USA) and in-house primer pairs flanking the 3’ region of
the core and the 5 half of the NS3 protease coding region. The first and second round PCR
were carried out in a final volume of 20 ul with 1.5 mM Mg**, 200 uM dN'TPs, 0.3 uM forward
and reverse primers, 1 U of an enzyme mix and 1 pl of the template. The first round comprised
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Table 1. Characteristics of this study cohort.

Patient ID Gender HIV BLx? BLx Background Clinical Gt¢

HCVHIV02 Male + UCFC Hemophilia : 1a +1b

HCVHIV06 Hemophilia

HCVHIV10- Male + UCFC Hemophilia Untyped

HCVHIV15 Male : ¥ UCFC Hemophilia 2p

HCVmono19 Male = - Unknown, BT (-) 1

HCVmono23 Male - - Unknown, BT (=) 1

HCVmono27 Female - = Needlestick Inju 1

& BLx: Any exposure to blood/blood-related product

b UCFC: Unheated coagulation factor concentrates

° BT: Whole-blood transfusion

9 Clinical Gt: Results of clinical genotyping / serotyping

doi:10.1371/journal.pone.0119145.1001

initial denaturation at 94°C for 2 min, followed by 40 cycles of 94°C for 20 sec, 50°C for 30 sec,
and 68°C for 4 min. After the 10th cycle, the elongation step was extended in increments of 3
sec per cycle. The final elongation was at 68°C for 20 min. The second round PCR conditions
were the same as those of the first round PCR, with the exception of annealing temperature
around 4.2 kbp was excised from agarose gel and purified using MinElute Gel Extraction

Kit (Qiagen), eluted in 20 pl of DNase-free water, and preserved at —20°C for downstream
applications.

lllumina MiSeq next-generation sequencing of partial core to NS3
protease region

PCR amplicons were quantified using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad,
CA) and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Paired-end libraries were
prepared from 200 ng of DNA using a TruSeq Nano DNA Sample Prep Kit (Illumina, San
Diego, CA, USA). Manufacturer’s instructions were strictly followed. Size selection using SPRI
beads resulted in DNA ligated with adapters at a size distribution of around 800 bp. Eight cy-
cles of PCR were carried out using barcoded primers, thereby the DNA insert fragment flanked
with adapter sequences was enriched. Purified PCR products were pooled so as to contain an
equimolar concentration of each library, and 2 x 300 bp paired-end sequencing was carried out
using MiSeq and MiSeq Reagent Kits V3 (Illumina).
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