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Background. Congenital cytomegalovirus (CMV) is reported to affect up to 1% of all live births in the United
States. T-cell immunity may be important for controlling CMV replication in congenital CMV-infected infants.
We describe the natural history of CMV-specific T-cell evolution and CMV replication in infants with congenital

CMV infection.

Methods. Cytomegalovirus viral load, CMV urine culture, and CMV-specific CD4 and CD8 T-cell responses
were assessed in a prospective longitudinal cohort of 51 infants with congenital CMV infection who were

observed from birth to 3 years of age.

Results. 'We found a kinetic pattern of decreasing urinary CMV replication and increasing CMV-specific CD4
and CD8 T-cell responses during the first 3 years of life. We also found higher CMV-specific CD8 T-cell
responses were associated with subsequent reduction of urine CMV viral load.

Conclusion. For infants with congenital CMV infection, our data suggest an age-related maturation of both
CMV-specific CD4 and CD8 T-cell immunity that is associated with an age-related decline in urinary CMV

replication.
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Congenital cytomegalovirus (CMV) is reported to affect up
to 1% of all live births in the United States. An estimated
40% to 58% of infected newborns with symptomatic pre-
sentations and 13.5% of infected newborns with asymp-
tomatic presentations will suffer long-term sequelae, most
prominently sensorineural-hearing loss (SNHL) [1].
Delayed presentation and worsening of sequelae can also
occur [2, 3]. The pathogenesis of sequelae from congenital
CMYV infection is not well defined. The leading theory is
that SNHL is due to persistent chronic viral infection
[4-6], but the immunologic mechanisms responsible for
controlling CMV replication after congenital infection
are still not completely understood.

In immunocompromised hosts, T-cell responses to
CMV seem to be important for controlling viral replication
and limiting disease [7, 8]. Limited prior studies of con-
genital CMV infection suggest that T-cell immunity

CMV-specific T cells; congenital CMV; kinetics; PCR; T cells.

is also important for controlling CMV replication.
Compared with responses to other antigens, CD4 T-cell
responses to CMV were impaired in infants with congen-
ital CMV infection [9, 10], with impairment sometimes
lasting for years [11]. The majority of these children con-
tinued to shed CMV, and in 1 cross-sectional study, higher
CMV-specific cell-mediated immunity in older children
(>37 months) was associated with a lower rate of CMV
viruria [11]. However, in infants with congenital CMV in-
fection, the longitudinal kinetics of T-cell immunity to
CMV and its relationship to CMV replication have not
been well characterized.

We describe the natural history of circulating
CMV-specific T-cell immunity and CMV shedding in in-
fants with congenital CMV infection. These congenitally
infected infants were identified at birth and observed for
the first 3 years of life.
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METHODS

Patient Population and Study Design

Infants with congenital CMV infection, identified as part
of a large newborn screening study conducted at 3 hospi-
tals in the Northern California region, were enrolled into a
prospective study to determine the T-cell and virologic re-
sponses to congenital CMV infection; 4 additional infants
were referred to us with a congenital CMV infection diag-
nosis. The study was conducted with approval from each
hospital’s Institutional Review Board, and written in-
formed consent was obtained from a parent. Of 59 total
infants, 51 were confirmed to have congenital CMV infec-
tion with a positive urine shell vial culture within the first 3
weeks of life. Four infants were CMV positive by saliva
testing, detecting CMV early antigen via a fluorescent
foci method [12]. However, urine culture confirmations
came late at days 27, 31, and 45 days and 16 months.
Infants had scheduled visits at 4, 8, 12, 24, and 36 months
of age. Urine collection was attempted at each visit. Blood
collection was attempted at 4, 12, and 36 months of age.
Missed collections of blood or urine samples were mainly
due to missed visits; also, late enrolled infants were ob-
served for less than 3 years because of the finite funding pe-
riod. For each infant, the average number of urine samples
obtained was 3.5 (range, 1-6) and average number of
blood samples obtained was 1.8 (range, 0-3). Four symp-
tomatic neonates who received antiviral treatment [13]
were excluded because ganciclovir would affect the viral
load and potentially the immune response to CMV. In
total, we analyzed 178 urine and 93 blood samples from
51 patients, 5 of which were symptomatic. Viral load and
CMV-specific CD4 and CD8 T-cell responses in the 4 ex-
cluded patients who received ganciclovir are shown in the
Supplementary Material.

Flow Cytometric Assays for Cytomegalovirus-Specific T Cells
Aliquots of heparinized fresh blood were incubated with
whole human CMV antigen (lysates of AD169-infected fi-
broblasts), mock antigen (uninfected fibroblast lysates), or
staphylococcus enterotoxin B (positive control) at a 1:20
(vol/vol) ratio. We followed our previous approach for
T-cell stimulation, peripheral blood mononuclear cell sur-
face staining, and intracellular cytokine staining [14]. The
assay protocol is provided in the Supplementary Material
section. Cells were considered to have a positive response
if they coexpressed CD69 and interferon-gamma (IFN-y)
[15, 16]. We defined a positive CMV-specific T-cell re-
sponse as >0.1% [17]. Staphylococcus enterotoxin B re-
sponses served as the positive control, and frequencies
were found to be higher than CMV-specific CD4 T-cell re-
sponses in 97% of the samples (90 of 93) and higher than
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CMV-specific CD8 T-cell responses in 98% of the samples
(91 of 93).

Cytomegalovirus Urine Polymerase Chain Reaction Assay
Samples were stored at -80°C before extraction. DNA ex-
traction was carried out per manufacturer’s instructions
(Epicentre Biotechnologies). Quantitative polymerase
chain reaction (qQPCR) was performed in triplicate using
CMV IE-1 gene (forward primer: 5 -TCGTTGCAATCC
TCGGTCA-3 and reverse primer: 5 - GGCCGAAGAA
TCCCTCAAAA-3 ) (Operon Biotechnologies) and ABI
Prism 7900 Sequence Detection System and SYBR Green
chemistry with AmpliTag Gold DNA polymerase
(Applied Biosystems, Carlsbad, CA). Thermocycling pa-
rameters were 10 minutes at 95°C for 1 cycle, 30 seconds
at 95°C, 1 minute at 55-60°C, 1.5 minutes at 72°C for 40
cycles, and 3 minutes at 72°C for 1 cycle. Known amounts
of an IE-1 plasmid were included in reactions to generate
a standard curve. Negative controls included no temp-
late (distilled water) and urine DNA extracted from a
CMV-seronegative adult donor. We used genomic
equivalents/mL units for reporting viral load. This assay
was run before the development of the World Health
Organization International Standard for CMV [18].
Cytomegalovirus Urine Culture

Initial urine cultures were done using the standard shell vial
culture method. After parallel testing with shell viral cul-
tures, urine cultures were done with a modified approach.
We adapted the shell vial culture to a 24-well plate with a
monolayer of human fetal lung tissue (MRC-5; American
Type Culture Collection). The method change decreased
costs and increased efficiency. Assay protocol is provided
in the Supplementary Material. Each well was examined
with an inverted fluorescence microscope at 10 x power
[Zeiss Axiovert 100]. One or more fluorescent nuclei were
considered a positive culture result for CMV detection.

Statistical Methods
Our analysis approach was to build a model that optimized
statistical power, and we accomplished this with a shared
random effect regression model. The 2 CMV virus-specific
outcomes, CMV qPCR value and CMYV shell vial culture
results, were fit simultaneously within 1 regression model
by linking them within each patient using a shared random
effect [19]. Because shared random effect models are a type
of mixed model, fitted means represent an estimate of the
response of the average child rather than the average re-
sponse across children. We use the phrase, “average child,”
when describing results from the mixed model.

The rationale for using the shared random effect regres-
sion model was 2-fold. First, it provided improved statisti-
cal power because standard errors on regression coefficient
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estimates for the binary outcome of shell vial culture were
reduced through linkage to the continuous outcome of the
qPCR value [19]. Second, it reduced bias because, although
qPCR has finer resolution, false-negative and false-positive
results can occur causing systematic (nonrandom) errors
(ie, bias) [20].

The CMV-specific CD4 and CD8 T-cell outcomes were
linked within a single shared random effect regres-
sion model. The rationale for use of this approach was
based on the biologic link of CD4 T cells providing
“help” to CD8 T cells and that it optimized statistical
power. Before analysis, paired negative control values
were subtracted from each value of %CD4 + /CD69 +/
IFN-y + and % CD8 + /CD69 + /IFN-y +.

In a separate model, we examined the association be-
tween CMV-specific T cells and the subsequent CMV
urine viral load longitudinally within patients. We modeled
the logarithm of CMV viral load on multiple explanatory
variables: the first viral load for the patient (baseline viral
load), age in weeks, elapsed time between linked visits (de-
tails in Supplementary Material), and the CMV-specific
CD4 and CD8 T-cell responses. These data were fit to
the regression model using generalized least squares.

Analyses were performed in SAS, version 9.3 (SAS Institute,
Cary, NC) and R version 2.15.1 (R Foundation for Statistical
Computing, Vienna, Austria). Results of hypothesis testing
are statistically significant for levels of P <.05. Code is
available upon request. Additional details on the statistical
methods are provided in the Supplementary Material.

RESULTS

Kinetics of Cytomegalovirus Urinary Viral Load

During the first 3 years of life, children with congenital
CMV infection showed an overall decrease in urinary
CMV shedding, as measured by CMV qPCR and urine cul-
ture. Figure 1 illustrates the fitted trajectories of urine CMV
viral load for each child. Immediately after birth, neonates’
viral loads varied widely. The highest values were seen in
symptomatic infants. Viral load decreased rapidly during
infancy and then transitioned to a continued but slower
decrease through early childhood.

From our regression model, both the decrease in CMV
viral load with age and the probability of CMV urinary
shedding with age were statistically significant for the aver-
age child (P <.0001) (data not shown).

In Figure 2, the magnitude of the decrease in CMV viral
load and in the probability of urinary CMV shedding was
not proportional. In particular, a decline in the urine CMV
viral load coincided with a modest decline in the probabil-
ity of urinary CMV shedding between 0 and 1 years of age.
In contrast, between 1 and 2 years of age, a small decline in
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Figure 1. Cytomegalovirus (CMV) urine viral load of each individual child in the
cohort for the first 3 years of life. Gray lines are fitted trajectories of CMV viral
load for individual children from the fit of the shared random effect model and
thus include adjustment for bias in quantitative polymerase chain reaction
(qPCR) results by the shell vial culture gold standard. Open circles are observed
values. The vertical axis is truncated just above the 97.5th sample percentile of
the qPCR data to facilitate display of data. The 2 largest observed qPCR values
were 405, 691 genomic equivalents/mL (gE/mL), and 1,797,655 gE/mL.
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Figure 2. Probability of cytomegalovirus (CMV) urine shedding versus viral load
by age range. Alternating light and dark gray panels denote ages from left to
right of infancy, 1-2 years, 2-3 years, and 3—4 years, respectively. The width
of each gray panel reflects the range of CMV viral load on a log scale (eg, the
range of CMV viral load ranges narrowly approximately 10> for the 1-2 year
age range). Solid black line is the developmental trajectory of CMV replication
in the urine of the average child.

urine viral load coincided with a large decline (approxi-
mately 85%-45%) in the probability of urinary CMV
shedding.


http://jpids.oxfordjournals.org/lookup/suppl/doi:10.1093/jpids/piu089/-/DC1
http://jpids.oxfordjournals.org/lookup/suppl/doi:10.1093/jpids/piu089/-/DC1

o
A 100
(o]

"
> 0.75
=
L
5
< o
o o
Q 050, % o
=
9 o
e o ©
8 (o]
& 025 @ ©
o o [¢]

0.00- &3

Age (Years)

Percent CD8+/CDE9+/IFN-y+

CMV Kinetics in Congenital Infection

25 o
2.0 A
o

1.5 4

o o
1.0

fo) (o]

8 o)

0541° o
o © °o Lo -

0.0 o oo Fn © ook

T T 0 T

1 2 3

Age (Years)

Figure 3. Kinetics of cytomegalovirus (CMV)-specific CD4 (A) and CD8 (B) T-cell responses for the first 3 years of life. Black line represents trajectory for the average
child. Open circles represent observed values. Estimated coefficient of multiple determination (R?) is 0.085 and age trend P <.0001 for both CMV-specific CD4 and CD8

T-cell responses.

Table 1. Regression Estimates of Mean CMV-Specific CD4
and CD8 T-Cell Responses for the Average Child per Age
Range®

Mean CMV-Specific Mean CMV-Specific

Age (years) CD4 (%) [95% CI] CDS8 (%) [95% CI]
Birth® 0.1[0.8,0.11] 0.120.8, 0.15]
1 0.12[0.11, 0.12] 0.17 [0.16, 0.17]
2 0.14[0.13, 0.15] 0.21[0.2,0.23]
3 0.16 [0.15, 0.18] 0.26 [0.22, 0.3]

Abbreviations: CI, confidence interval; CMV, cytomegalovirus.

*Total sample size is 91 blood samples from 51 patients.

PEstimates at birth are extrapolations from the model because the earliest blood
samples were obtained at 17 weeks of age.

Kinetics of Cytomegalovirus-Specific CD4 and CD8 T Cells
For the first 3 years of life, children with congenital CMV
infection showed a gradual and approximately linear in-
crease in their CMV-specific T-cell responses (Figure 3A
and B). This increase was statistically significant for both
CMV-specific CD4 and CMV-specific CD8T cells
(P <.0001). The slope with age was not statistically differ-
ent between CMV-specific CD4 and CD8 T-cell responses
(P>.05). Mean CMV-specific CD4 and CD8 T-cell fre-
quencies per age group from the fitted regression model
are shown in Table 1. The average child’s CMV-specific
CD8 T-cell response was estimated to be higher than
his/her CMV-specific CD4 T-cell response, for each age
group, but the overall difference in means across all ages
was not statistically significant by a paired ¢ test (P =.1098).
From our model, the extrapolated CMV-specific CD4
and CD8 T-cell responses were positive (>0.1%) at birth
[17] for the average child (CMV-specific CD4 0.10%

(95% CI: 0.08, 0.11); CMV-specific CD8 0.12% (95%
CL 0.08, 0.15).

Temporal Association of Cytomegalovirus-Specific T-Cell
Immunity and Cytomegalovirus Viral Load

Through early childhood, the association between
CMV-specific T cells and CMV viral load revealed
a statistically significant relationship. Higher levels of
CMV-specific CD8 response in blood samples were associ-
ated with a reduction of CMV viral load in a subsequent
urine sample (obtained at the next visit) (P =.02). The as-
sociation between CMV-specific CD4 T-cell response and
subsequent urine viral load was not statistically significant.
The temporal relationship between prior CMV-specific
CDS8 T cells and subsequent reduction in CMV viral load
suggests that CMV-specific CD8 T cells may be contribut-
ing to the control of CMV replication.

The temporal relationship between prior CMV-specific
CD8 T cells and subsequent reduction in CMV viral load
is strengthened by the finding of another expected temporal
relationship in our regression model. Higher baseline CMV
viral loads were associated with higher subsequent CMV
viral loads (P =.0045). Results of the regression model
are available in the Supplementary Material.

DISCUSSION

We simultaneously characterized the natural evolution of
CMV-specific T-cell immunity and CMV shedding from
birth to 3 years of age in infants identified at birth with
congenital CMV. A temporal pattern of increasing
CMV-specific CD4 and CD8 T-cell responses was
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associated with decreasing urine CMV viral load and uri-
nary CMV shedding during the first 3 years of life. In ad-
dition, higher levels of CMV-specific CD8 T cells, but not
CMV-specific CD4 T cells, were associated with decreasing
CMV viral load in a subsequent urine sample (obtained at
the next visit). The temporal relationship suggests the pos-
sibility that CMV-specific CD8 T cells contribute to the
control of CMV replication.

Furthermore, from our model, the extrapolated positive
CMV-specific T-cell response at birth suggests that T cells
were already responding to CMV in utero and contributing
to the steep decline in urine CMV viral load that we ob-
served after birth. In addition to the well described pro-
longed urinary CMV shedding [21], we also found a new
2-phase pattern to the kinetics of CMV replication in the
urine. A drop in viral load occurred first followed by cessa-
tion of CMV shedding.

To our knowledge, characterization of the association
between CMV-specific CD4 and CD8 T-cell immunity
and CMYV shedding in a prospective longitudinal cohort
of infants with congenital CMV infection has not been
published previously. Evaluation of CMV-specific T-cell
responses in the published literature have predominantly
used a cross-sectional study design [9-11] with only 3 stud-
ies using a longitudinal design [22-24]. Of these 3 longitu-
dinal studies, only 1 simultaneously assessed CMV-specific
immunity and CMV replication [24]. However, this study
was limited to 11 patients who were observed for 1 year.
This study was published 30 years ago using the lymphocyte
proliferation assay, limiting the evaluation to CMV-specific
CD4 T-cell with very little information on the CMV-specific
CD8 T-cell response.

Our results are supported by reports in the literature.
In studies of congenital CMV infection, CMV-specific
CD4 T-cell responses appeared to increase with time
in 7 infants with more than 1 time point [23], and
CMV-specific CD8 responses specific for pp65 and IE-1
epitopes broadened with time in a study of 7 infants <6
months of age [25]. We show a similar pattern of increas-
ing CMV-specific CD4 and CD8 T-cell responses.
Cytomegalovirus-specific CD8 T-cell responses have
also been detected in 2 newborns [26] and in cord blood
from a 28-week-old fetus [27] with congenital CMV in-
fection. These findings suggest that our extrapolations
of a positive CMV-specific CD4 and CD8 T-cell response
at birth are plausible.

Although no study has definitively proven that
CMV-specific T cells directly control CMV replication in
children with congenital CMV infection, evidence of this
causal relationship is suggested in other populations with
CMV infection. Immaturity of the CMV-specific CD4

T-cell response is associated with prolonged CMV replica-
tion in young children and transplant patients with CMV
infection [28-31]. It is possible that CMV-specific CD4
T-cell activity is necessary for controlling local active
CMV replication, whereas CMV-specific CD8 T-cell activ-
ity is necessary for controlling CMV dissemination [14].

Our analysis includes some limitations. First, compared
with the more frequently collected urine samples, the num-
ber of blood samples for each child was limited by design to
encourage enrollment. In light of the limited blood sam-
ples, we cautiously interpret our results from modeling
the association between CMV-specific T-cell responses
and viral replication. Our analysis does not address causa-
tion. Second, only 5 of 51 (9.8 %) of the children in our co-
hort were symptomatic at birth, so our results essentially
reflect on infants with asymptomatic congenital CMV in-
fection. We did not pursue a comparison of symptomatic
versus asymptomatic infants due to a very high risk of
Type Il statistical error. Third, the small blood volume ob-
tained from these young patients limited our choice of im-
mune markers to the most essential in our interrogation of
the frequencies and function of CMV-specific CD4 and
CD8 T cells.

Our characterization of the natural evolution of both
CMV-specific T-cell immunity and CMYV replication may
be informative for the rational design of future treatment
and prevention strategies to reduce the sequelae of con-
genital CMV [32, 33]. Expansion of T-cell studies in larger
cohorts of congenitally infected infants might identify pre-
dictive markers for the future risk of sequelae. A similar
concept is being pursued in the transplant population
34, 35].

CONCLUSIONS

In summary, for infants with congenital CMV infection,
our data suggest an age-related maturation of both
CMV-specific CD4 and CD8 T-cell immunity, which is as-
sociated with an age-related decline in urinary CMV repli-
cation. Our data also suggest the possibility that
CMV-specific CD8 T cells contribute to the control of
CMV replication in infants with congenital CMV infec-
tion. Future studies should continue to refine the character-
ization of the infant’s developing immune response to
CMV infection to identify the underlying viral pathogene-
sis of congenital CMV infection and to determine the im-
mune mechanisms that control CMV replication. In cases
in which congenital CMV has been suggested prenatally,
future collection of cord blood samples could be very im-
portant in validating our estimates of CMV-specific T-cell
responses at birth in congenitally infected infants.



Supplementary Data

Supplementary materials are available at the Journal of
The Pediatric Infectious Diseases Society online (http:/
jpids.oxfordjournals.org). Supplementary materials con-
sist of data provided by the author that are published to
benefit the reader. The posted materials are not copyedited.
The contents of all supplementary data are the sole respon-
sibility of the authors. Questions or messages regarding
errors should be addressed to the author.
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